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Transcriptional regulatory circuits and the ability of organisms such as Streptomyces coelicolor and Azotobacter vinelandii to thrive under diverse conditions are fundamental to the work carried out in this thesis.  Strategies for the tight control of gene expression are vital to the survival of the organisms and form a mammoth area of scientific study.  Bacteria are surprisingly tough; not only are they able to maintain their physiological status and overall structure under a torrent of internal and external physiochemical demands, but they are also able to reproduce and proliferate.  
An important area of difference between the two species occurs in their sigma factors: A.  vinelandii carries the alternative sigma factor, σ54 regulation of transcription via nucleotide hydrolysis, whereas S. coelicolor holds no σ54  regulatory control in common with most GC-rich genomes.  Transcriptional regulation of the nif genes encoding the enzyme nitrogenase, requires the presence of the enhancer binding protein (EBPs) NifA. A.vinelandii holds a paralogue to NifA which has a yet unknown function.  NifA2 is highly homologous to the well studied NifA and the function of this chromosomal duplication was investigated by mutational analysis. The results showed that although NifA2 carried all the necessary components to complement for an absence of NifA, it was unable to do so in A. vinelandii. However, NifA2 was able to activate the nif  promoter in a fusion construct in a heterologous host. The fact that the helix turn helix, DNA binding domain for both proteins was almost identical indicates that these proteins bind to similar enhancer binding sites on the chromosome.
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1.1  General Introduction
The discovery of actinomycetes and their role in antibiotic production was made at the beginning of the last century and to review the context of their discovery is interesting (Waksman and Henrici, 1943).  The term actinomycete translates as “ray fungus” as was described in the formation of a radial pattern seen in the actinomycetic lesion of a disease in cattle which produced lumpy jaw.  The search for sources of treatments for disease and infection was prompted by the successful findings of penicillin, produced by a fungus which was used in the treatment of wounds in World War II.  Robert Koch, a German physician had previously isolated Bacillus anthracis, Bacillus tuberculosis and Vibrio cholerae from soil in the 1870s and had cultured the bacteria outside the host organism.  The fact that he proved that bacteria formed endospores that survive extreme conditions led to the germ theory of disease and promoted the use of sterilisation by boiling surgical instruments.  Before this revelation it was believed that disease occurred spontaneously.  Another pivotal person in the history of actinomycetes work was Selman Waksman who collected and studied vast arrays of soil bacteria, which he had encountered whilst studying nitrogen fixation.  During the methodical screening process of these actinomycetes one of his students isolated streptomycin which was trialled as a potential treatment for tuberculosis and found to be successful.  Streptomycin had been isolated from Streptomyces griseus and so began what is now the multimillion pound industry of antibiotic production.  The importance of streptomycetes in the field of medicine and agriculture is immense, two thirds of all naturally derived antibiotics arise from these bacteria as well as other pharmaceuticals such as anti-tumour drugs and immunosuppressants, produced as a result of the organism’s complex secondary metabolic pathways which they utilise to maintain their niche in the soil (Hopwood, 1988).
The soil environment is complex, both nutritionally and physically, with considerable variations in pH, temperature and organic material.  Streptomycetes are capable of surviving in this environment, utilizing relatively stable and insoluble organic polymers such as cellulose and chitin and so form a pivotal role in carbon recycling (Charpentier and Percheron, 1976).  Streptomycetes have characteristics which are uncommon to bacteria; these include unusual multicellular tissue development of branching filamentous vegetative hyphae which gives rise to the production of spore-producing aerial hyphae.  
It is important to acknowledge that streptomycetes belong to the family of actinomycetes which also contains the disease -forming organisms of tuberculosis and leprosy (M.  tuberculosis and   M.  leprae).  The actinomycetes are characterised by having genomes with high GC content of their DNA and which are Gram-positive due to the staining characteristics produced by the interaction of the Gram stain with the high content of peptidoglycan in the cell wall.   The ability to investigate pathogens and their harmless saprophytic relatives such as species of Streptomyces has gathered speed with the advent of genome sequencing.  The advantage of studying non disease producing microbes provides a useful knowledge of all actinomycetes.  
The genus Streptomyces is responsible for the production of around 70% of commercially available antibiotics, a fact which makes it a particularly useful model for the study of development and differentiation, both of which are important current research fields in modern biology.  A large number of antibiotics were isolated, along with the species of streptomycetes which produce them, in Japan and reviewed in (Kumazawa and Yagisawa, 2002).  Other streptomycetes are responsible for some exciting drug discoveries, particularly in anti-cancer treatments: Migrastatin from S.  platensis has been shown to inhibit the development of cancer cells in mice mammary glands  ADDIN EN.CITE (Shan et al., 2005); and Bleomycin from S.  verticillus has anti-cancer properties which were discovered in 1966 (Umezawa et al., 1966).  The macrolide from S.  verticillus has been shown to initiate double strand breaks and may inhibit the inclusion of thymidine into DNA strands (Takimoto, 2008).  The research into the value of natural products derived from streptomycetes is ongoing and provides an exciting field of research which is beyond the scope of this thesis and is reviewed in (Uehara, 2003).
Streptomycetes live in highly variable environments; a fact that is reflected in their genomes’ complexity (Chater, 1997) and appear to have originated at the time immediately following the invasion of the land by green plants when atmospheric oxygen rose significantly (Heckmann et al., 2001).  As a consequence of their establishment, they are adapted to exploit plant remains in an aerobic manner and have a large number of genes associated with oxidative stress (Lee et al., 2005).  

1.2.1	Streptomyces coelicolor A3(2)
The model organism S. coelicolor is genetically one of the better-studied streptomycetes; its life cycle and regulators have been extensively investigated  ADDIN EN.CITE (Bibb, 1996; Bishop et al., 2004; Chater et al., 1989; Hopwood, 1999; Kelemen et al., 1998; Lee et al., 2004; Merrick, 1976; von Heijne, 1990).  The genome of S. coelicolor M145, whose sequence was completed  in 2002, is 8,667,507 base pairs long, two times larger than Escherichia coli and Bacillus subtilis  ADDIN EN.CITE (Bentley et al., 2002).  Pulse field gel electrophoresis was used to determine the size of the single chromosome which has an origin of replication (oriC) at its centre (Calcutt and Schmidt, 1992) (Zakrzewska-Czerwinska and Schrempf, 1992) and the presence of covalently bound protein molecules on the 5’  terminal inverted repeats (TIRs) proved the linearity of the chromosome (Chen, 1996).  The arrangement of the genes neighbouring the oriC was found to be similar to that of other Gram-positive organisms (Calcutt and Schmidt, 1992).  The evidence suggests that replication starts at oriC and then proceeds bi-directionally from this point  (Musialowski et al., 1994).  Many of the essential genes are found in the central region of the chromosome rather than the extremities, this appears to be a common feature in streptomycetes.
S. coelicolor provides many avenues for research because of its complex life cycle, differentiation and the production of secondary metabolites, which include antibiotics which “kill microrganims” as the word literally translates.  The four genetically and structurally distinct antibiotics from S. coelicolor are produced at the time of differentiation in a growth-phase-dependent manner (Manteca et al., 2010).  The antibiotics are actinorhodin (ACT), undecylprodigiosin (Red), calcium-dependent antibiotic (CDA) and methylenomycin (Mmy).  They are found in unlinked clusters and have all been characterized; initial characterisation was carried out for CDA by (Hopwood and Wright, 1983), ACT by (Rudd and Hopwood, 1979), Red by (Rudd and Hopwood, 1980) and finally isolated Mmy from the S. coelicolor plasmid SCP1(Wright and Hopwood, 1976). Since then a wealth of data has been generated  ADDIN EN.CITE (Bibb, 2005; Fernandez-Moreno M and Kieser H, 2002; Hesketh et al., 2007b). There is also production of  other secondary metabolites; hormone-like molecules including  γ-butyrolactones (which will be considered in 1.6.), those playing a role in metal transport including siderophores; pigments, lipids and other molecules including geosmin, hopanoids and eicosapentaenoic acid, an omega III fatty acid.
The species S. coelicolor actually falls more accurately into the S.  violaceoruber clade but the name S. coelicolor in now too firmly entrenched in the literature to make the change.  At the time of its discovery geneticists were interested in the species because of its ability to produce a strong blue pigment, and with the increasing knowledge of the species’ antibiotic properties the species S. coelicolor was proving an interesting organism to research.  However, there is more than one species producing blue pigments, and a different strain researched by Müller should have had the priority to the name “coelicolor” as this word literally means “sky coloured”.  This confusion is explained in a historical review (Hopwood, 1999).  The species which we describe as S. coelicolor A3(2) forms the basis for extensive and productive research even if it is incorrectly named.  The actual strain in this research is a plasmid deficient version of A3 (2) called M145 which has had the two plasmids SCP1 and SCP2 removed (Hopwood and Kieser, 1985).
1.2.2	 S. coelicolor development
The first step in development of a S. coelicolor colony is the germination of a unigenomic spore which gives rise to long branching multigenomic hyphae, which grow apically in close proximity to the nutritive substrate.  The fact that S. coelicolor forms a cohesive, branching, vegetative mycelium is unusual for bacteria.  The branches containing multigenomic hyphae form occasional cross walls (Grantcharova et al., 2005).  


   


       


     


When hyphal growth becomes limited, much of the biomass of the bacteria is converted into aerial hyphae formation in a parasitic-type action in order to produce a vast number of spores (Chater and Chandra, 2006).  The exact conditions under which this occurs is uncertain but is known to involve various determinants, including nutrient-limitation and stress, when the colony responds to its external environment  (Miguelez et al., 1999).   The vegetative mycelium gives rise to white, hydrophobic aerial hyphae which differentiate into spore chains and eventually into unigenomic, grey spores.   The multigenomic hyphal filaments break through the surface tension and form coiled aerial hyphae (Kelemen and Buttner, 1998); (Elliot and Talbot, 2004).  The aerial hyphae form aseptate tip compartments which are ~100m long that contain many copies of the genome  ADDIN EN.CITE (Chater and Chandra, 2006; Flardh and Buttner, 2009; Flardh et al., 1999).  When the compartment growth is completed it appears to synchronously septate into a chain of individual unigenomic spore compartments  ADDIN EN.CITE (Chater, 2001; Chater and Horinouchi, 2003).  The cell walls of the compartments thicken and become more rounded whilst accumulating grey spore pigment as they turn into chains of spores.  The gene interactions necessary for this process to occur is intricate and involved, and will be dealt with as a separate topic.  The life cycle of S. coelicolor as described is illustrated in Figure 1.1.
The projection of the colony from the vegetative mycelium involves proteins which help to manage the significant variation of environments from aqueous to air.  These proteins include the chaplins (coelicolor hydrophobic aerial proteins), the rodlins and SapB (spore associated protein B) reviewed in Elliot and Talbot, (2004),  ADDIN EN.CITE (Claessen et al., 2006; Elliot and Talbot, 2004; Willey et al., 2006).  The proteins are thought to act together like the fungal hydrophobins which aid water/air interface modulation in fungal species (Wosten, 2001).  The hydrophobins are small proteins (around 100 residues) having little sequence conservation but have the same hydropathy profile and have eight conserved cysteine residues which are involved in disulphide bond formation (Wosten and de Vocht, 2000).  They collect together at the air-water interfaces to form an amphipathic protein film made up of interwoven pairs of rodlets (Wosten et al., 1993).  The hydrophobins have multiple roles; they act as surfactants to help the hyphae escape the aqueous environment by providing them with hydrophobicity and they also attach hyphae to hydrophobic surfaces (Wessels, 1997).














Genetic analysis of differentiation has shown three classes of genes required for the production of the aerial mycelium; the ram, chp (chaplin) and bld (bald) genes.  The ram and chp genes denote the hydrophobic structural components necessary for the aerial hyphae to escape the surface tension and the bld genes mainly encode regulatory proteins (Elliot and Talbot, 2004).  The ram genes are recognised for their ability to initiate rapid aerial mycelium formation when overexpressed in a wild-type strain  ADDIN EN.CITE (Ma and Kendall, 1994).  They have been shown to produce SapB, a lantibiotic-like peptide which is derived by posttranslational modification from the product of the gene ramS in the four-gene ram operon under the control of the regulatory gene ramR (Kodani et al., 2004).   SapB  acts as a surfactant breaking through the surface tension at the soil boundary to aerial growth (Tillotson et al., 1998).  The phenotype of bald mutants correlates with the failure to produce and secrete SapB (Willey et al., 1991).

The ram genes play other important roles during hyphal development; ramC encodes a membrane-bound kinase which plays a role in the posttranslational modification of RamS (Kodani et al., 2004), ramAB encodes the components of an ABC transporter  ADDIN EN.CITE (Keijser et al., 2002).  An interesting finding is that S. lividans ramR and ramCSAB are not transcribed in bldA, bldB, bldD and bldH mutants, but ram gene transcription was observed in the whi mutant, whiG.  This strongly suggests that the transcription of the ram genes marks the transition from vegetative to aerial growth  ADDIN EN.CITE (Keijser et al., 2002).
Once the surface tension barrier is overcome the filaments grow into the air then differentiate by forming aerial hyphae that septate into spore compartments, this septation occurs at some distance from the hyphal tips (Flardh, 2003b).   By complementing developmental mutants of S. coelicolor, over 15 regulatory genes for sporulation have been found and studied at a molecular level to characterise some of their intracellular interactions  ADDIN EN.CITE (Chater, 1972; Flardh et al., 1999).  Research produces a steady increase in knowledge of the interaction of the regulatory cascades and their checkpoints related to factors including homeostasis, stress-related changes and morphological development.  Metabolic changes that accompany the process of differentiation result in the production of several secondary metabolites including antibiotics which implies that these two processes may share some regulatory pathways (Hopwood, 1988).
The process of analysing the pathways responsible for differentiation has been brought about by many painstaking mutational screens  ADDIN EN.CITE (Champness, 1988; Hopwood et al., 1970; Merrick, 1976; Nodwell and Losick, 1998; Ryding et al., 1999).  More recently the development of the Redirect system which allows for targetted insertional mutagenesis (Gust et al., 2003) has meant that further knowledge has been revealed on novel loci involved in growth, development and antibiotic production  ADDIN EN.CITE (Gehring et al., 2000; Gehring et al., 2001; Sprusansky et al., 2003)  
Two main classes of genes that are essential to differentiation are the ‘bald’ or bld and ‘white’ or whi genes.  Most of the known bld and whi genes encode regulatory proteins.   Understanding the interaction of these genes and their products is an intricate, multifaceted jigsaw to unravel.  Some information has been gained in understanding genes involved in regulation by isolating mutant strains that fail to complete maturity by lacking aerial hyphae; the bld mutants (Hopwood, 1967; Merrick, 1976) or those unable to produce the normal mature grey spores, brought about by a spore-wall-associated polyketide pigment (Kelemen et al., 1998).  The absence of maturing spores on the velvety white mycelial growth, leads to white-looking strains which are known as whi mutants  ADDIN EN.CITE (Chater, 1972; Hopwood et al., 1970).  

1.2.3	bld genes.  
      A visual examination of a colony with a mutation in aerial hyphae development is bald and there are no aerial hyphae.   This is described as a bld phenotype giving a shiny appearance to the colony when grown on rich media  ADDIN EN.CITE (Merrick, 1976; Nodwell et al., 1996; Willey et al., 1993).  S. coelicolor colonies differentiate both morphologically, producing aerial spore chains, and physiologically, producing antibiotics as secondary metabolites.  Single mutations, which block both aspects of differentiation, define bld genes.  The bld signalling cascade regulates initiation of aerial growth and so mutations in these genes are altered at the first noticeable stage of differentiation causing a loss of aerial hyphae.  The bld genes encode a diverse range of products, including a tRNA: bldA; (Lawlor et al., 1987) an ATP-binding cassette (ABC) membrane-spanning transporter; bldK; (Nodwell et al., 1996), a sigma  factor bldN; (Bibb and Buttner, 2003) and an unrelated anti-anti-sigma factor; bldG  ADDIN EN.CITE (Bignell et al., 2000), as well as several transcription factors, bldB  ADDIN EN.CITE (Pope et al., 1998), bldD,  ADDIN EN.CITE (Elliot et al., 1998) and bldM (Molle and Buttner, 2000).  Also, the bld mutants show other pleiotropic effects, including the regulation of carbon usage (Pope et al., 1996), and often inhibition of antibiotic production.  These two significant findings indicate a global regulatory role for these genes.
When particular pairs of bld mutants are grown in close proximity, the ability to form aerial hyphae is restored in the mutant strain.  As this process was unidirectional it was possible to unpick the cascade to predict a hierarchy for the genes based on the ability of each bld mutant to restore aerial hyphae production to all others  ADDIN EN.CITE (Kelemen and Buttner, 1998; Molle and Buttner, 2000; Nodwell et al., 1999; Willey et al., 1993).   This hierarchy is described as:
   bldJ (formerly bld261)  bldK /bldL  bldA/bldH  bldG bldC   bldD/bldM/(ram)

The bld gene effect is not likely to be as simple as a linear cascade.  Each mutant strain is able to complement the strain to its left in this hierarchy by a process of extracellular complementation or through the inactivation of an extracellular inhibitor (Willey et al., 1991).  The complementation takes place by diffusion of substances such as oligopeptides and  -butyrolactones between adjacent patches of cells when grown in close proximity on agar plates.  Research suggested that the pattern of complementation found suggests an intercellular pathway which may involve as many as five extracellular factors, and that the products of the bld genes are involved directly or indirectly in the production or uptake of the extracellular signalling molecules such as SapB (Willey et al., 1991).  
1.2.3.1  bldA
bldA mutants were  found to be delayed in the stationary phase processes of antibiotic production and differentiation on certain media (Merrick, 1976).  It was found that bldA encodes the only tRNA that recognizes the rare UUA codon  ADDIN EN.CITE (Lawlor et al., 1987; Leskiw et al., 1991).  It was suggested that bldA is involved in a developmental regulatory mechanism operating at the translational level through regulatory proteins, such as the transcriptional activator for actinorhodin biosynthesis that require the bldA-encoded tRNA for their translation (Fernandez-Moreno et al., 1991).
The UUA codon is rare in Streptomyces, which is rich in GC content.  The fact that bldA point mutations lack the ability to form normal aerial hyphae and block antibiotic production but have no effect on vegetative growth suggested that the genes required for primary growth of S. coelicolor lack TTA codons.  On examination of the genome it was found that the distribution of TTA codons is specific to the genes associated with antibiotic-resistant proteins or pathway specific regulators associated with antibiotic production (Leskiw et al., 1991).  Only 145 of the 7825 genes in the 8.7 Mb genome contain a TTA codon, and none of these is recognizably a housekeeping gene.  The TTA-containing regulatory genes are the sole and direct means by which bldA exerts its effects on production of the related antibiotic. The production of antibiotics is associated with secondary metabolism when normal growth ceases or in the absence of repressing conditions such as excessive phosphate, nitrate or carbon (Demain, 1983).  Results which added to the theory of bldA’s role in differentiation came from RNA dot blot analysis where an accumulation of bldA was found in older cultures (Lawlor et al., 1987).   More recent transcriptomic and proteomic studies have shown that in a bldA mutant about 100 genes were down-regulated at the end of a rapid growth phase in liquid culture and that many of the up-regulated proteins were ribosomal protein.  Increased basal levels of the signal molecule ppGpp in the mutant strain may be responsible for this difference (Hesketh et al., 2007a).  ppGpp, guanosine pentaphosphate  is involved in the stress response in bacteria, causing the inhibition of RNA synthesis when there is a shortage of amino acids present   ADDIN EN.CITE (Ryu et al., 2007; Traxler et al., 2008). It is also known that expression of the structural genes for actinorhodin, undecylprodigiosin, and methylenomycin  are  transcriptionally blocked in bldA mutants (Lawlor et al., 1987).
1.2.3.2.  bldB
The bldB gene has been cloned and shown to encode a 98-amino-acid protein with a molecular mass of 10,899 Da  ADDIN EN.CITE (Pope et al., 1998).  It is found to normally exist as a dimer (Eccleston et al., 2002).   Loss of this protein has a profound effect on S. coelicolor; null mutants are completely unable to form aerial hyphae or produce antibiotics (Eccleston et al., 2002).  The reversal of phenotypic defects of many bld mutants can be at least partially achieved by growth on media that have poor carbon sources; the bldB phenotype is not reversed under any known conditions.  Genes that are normally repressed by the presence of glucose are expressed in a bldB mutant (Pope et al., 1996).   However, this effect might be due to the regulation of carbon usage, not a direct effect on the expression from the bld genes themselves, implying that the lack of morphogenesis in bld mutants may be as secondary consequence of not being able to sense or signal a lack of nutrients (Pope et al., 1996).
 Several homologues of bldB have been identified in the S. coelicolor genome including abaA and whiJ which are needed for antibiotic production and spore formation  ADDIN EN.CITE (Gehring et al., 2000).  No bldB homologues have yet been found in species other than actinomycetes.  The exact biochemical role of the protein BldB is unknown at this time, but the stringent need for bldB suggests a major role in controlling gene expression and analysis of the polypeptide sequence suggests a possible helix-turn-helix motif which classes the protein as a likely transcription factor  ADDIN EN.CITE (Elliot and Leskiw, 1999; Pope et al., 1998).  Expression of bldB is low during vegetative growth but increases during aerial hyphae development.  The bldB gene from S. lividans was cloned and its product was over-expressed in E.  coli using a T7 expression system and gel mobility shift assays indicate that the BldB protein may negatively regulate its own expression (Mishig-Ochiriin et al., 2003).  However, no interaction between BldB and the bldB promoter has actually been verified, which suggests that BldB may affect its promoter indirectly.
1.2.3.3  bldC
bldC encodes a small (58 to 78 residue) and unusual DNA-binding protein, homologous to those seen in the MerR-family of transcriptional activators but lacking the effector domain.  BldC contains only the N-terminal DNA-binding domain which is commonly seen in the transcriptional activators of the MerR family  ADDIN EN.CITE (Hunt et al., 2005).  The structure of the MerR-like proteins contains a dimer with two identical subunits each with its own DNA-binding domain with a winged helix-turn-helix motif with a C-terminal effector recognition domain.  However, the BldC protein lacks the recognition and effector domains and so only has the DNA-binding region.
A bldC mutant was unable to form aerial hyphae on some media, however, on minimal media containing galactose, mannitol or maltose the bldC mutant was able to produce aerial hyphae and mature spores (Merrick, 1976).  bldC is required for expression of the pathway specific activators of the actinorhodin and undecylprodigiosin biosynthetic genes during differentiation  ADDIN EN.CITE (Hunt et al., 2005).  Although bldC mutants produced the antibiotic undecylprodigiosin, transcripts of the pathway-specific activator gene (redD) were reduced to almost zero after 48 hours in the bldC mutant  ADDIN EN.CITE (Hunt et al., 2005).  This result suggests that bldC may be required for the transcription of red.  S1 nuclease protection assays and immunoblotting show that bldC is constitutively expressed and does not require any other bld genes for its transcription  ADDIN EN.CITE (Hunt et al., 2005).
1.2.3.4  bldD
BldD is a DNA binding protein and another key regulator for developmental processes of S. coelicolor.  A bldD mutant exhibited severe pleiotropic defects in the production of antibiotics and morphological differentiation  ADDIN EN.CITE (Elliot et al., 1998).  On examination of the protein’s structure it shows the characteristics of a small DNA-binding protein which has been found to bind to, and repress the promoters of, whiG, bldN and sigH  ADDIN EN.CITE (Elliot et al., 1998; Elliot et al., 2001; Elliot and Leskiw, 1999; Kelemen et al., 2001).  However there is evidence that the bldD gene product may have a dual role as a bldD mutant has no aerial hyphae, if it only acted as a repressor this phenotype would not be seen.  Like other activators of a similar kind, it is also able to bind to its own promoter  ADDIN EN.CITE (Elliot et al., 1998; Elliot et al., 2001; Elliot and Leskiw, 1999).  
BldD is a homodimeric protein of 167 amino acids with two separately folding subunits.  The N terminal half of the protein was determined to be responsible for dimerization and DNA binding (Kang et al., 2007).  Interaction between the two domains was not seen when studying the DNA in bound and unbound states.   Gel permeation chromatography, chemical crosslink, gel mobility shift, and NMR-monitored DNA-binding experiments found that only the N-terminal domain is responsible for the dimerization as well as DNA-binding of BldD (Lee et al., 2007).  The structure and function of this protein show that BldD has a strong influence in the developmental stages of S. coelicolor in a unique and complicated manner and may even totally regulate the different developmental stages.
The crystal structure for BldD has been resolved showing the compact globular domain composed of four helices (alpha1-alpha4) containing a helix-turn-helix motif (alpha2-alpha3) resembling that of the DNA-binding domain of lambda repressor.  It is known that BldD binds to two operator sites of bldN and whiG but show a reduced affinity to the sites when they are disconnected suggesting that they may be involved in co-operative binding  ADDIN EN.CITE (Kim et al., 2006).
In isolating the effects of the different bld genes, the bldD mutant was found to restore developmental defects in other bld mutant strains and was therefore placed at the bottom of the signalling cascade  ADDIN EN.CITE (Elliot et al., 1998; Willey et al., 1993).
1.2.3.5  bldG

The bldG locus appears to encode two proteins, an anti-anti sigma factor and an anti-sigma factor that regulate both antibiotic production and differentiation  ADDIN EN.CITE (Bignell et al., 2000).  These anti-anti sigma factors show similarity to SpoIIAA and RsbV anti-anti-sigma factors of Bacillus subtilis  ADDIN EN.CITE (Alper et al., 1994; Dufour and Haldenwang, 1994), which interact with anti-sigma factor proteins to regulate the activity of alternative sigma factors.  The anti-sigma factors in           B. subtilis serve to negatively regulate the sporulation-specific F and for the stress response B and so prevent them from binding to the core RNA polymerase  ADDIN EN.CITE (Benson and Haldenwang, 1993; Duncan and Losick, 1993).  This inhibition is reversed when an anti-anti sigma factor binds to the anti-sigma factor allowing the σ factor to then direct transcription.  The activity of the anti-sigma factors in B. subtilis is regulated by post translational phosphorylation as only the unphosphorylated form of the protein is able to bind to the anti-sigma factor causing it to release the target σ factor.  In analysis, phosphorylation assays were used to identify the fact that BldG  is able to be phosphorylated, hence suggesting that the process of control in S. coelicolor may be similar to that see in B.  subtilis (Bignell et al., 2003).  The exact effect that phosphorylation has on BldG has yet to be elucidated, but normally phosphorylation of an anti- anti-sigma factor protein results in its inactivation, hence the unphosphorylated form of BldG is most likely the active form of the protein (Bignell et al., 2003).  BldG (SCO3549), which can be referred to as an anti-sigma-B anatagonist, and the co-expressed protein, SCO3548, a putative anti-sigma factor, have been shown to directly interact and regulate both antibiotic production and morphological differentiation in S. coelicolor (Parashar et al., 2009). 
1.2.3.6.  bldH
The gene bldH (SCO2792) is now known to encode AdpA, a key pleiotropic regulator, which is an AraC-family transcriptional regulator family.  The AraC group are prokaryotic, positive transcriptional regulators.  Members of the family are about 300 amino acids long and have three main regulatory functions in common: carbon metabolism, stress response, and pathogenesis (Gallegos et al., 1993).  The rare codon TTA, which is present in the gene adpA and many pathway-specific regulatory genes for antibiotic production, has a particular influence on extracellular biology (Chater, 2010).  
As bldA encodes the tRNA species able to read the leucine codon (UUA) proficiently, this implies the usage of a TTA-containing gene in S. coelicolor for initiating aerial hyphae development.  One possible candidate for this gene was bldH because a bldH mutant strain resembled a bldA mutant strain in some respects.  The bldH gene contains a TTA codon  ADDIN EN.CITE (Nguyen et al., 2003; Takano et al., 2003).  Not only do bldA and bldH have the same extracellular complementation phenotype, they also have a similar morphological phenotype (although some bldH mutants make pigmented antibiotics on minimal medium with mannitol as carbon source, unlike bldA mutants) (Champness, 1988).  One of the targets for BldH is an extracellular protease inhibitor that is likely to delay the digestion of the primary substrate mycelium until the colony is ready to produce aerial growth.  When analyzing protein production in strains lacking bldA and those containing bldA, 21 protein spots were isolated.  One of those was SCO0762 which is similar in its amino acid sequence to proteins found in other streptomycetes which prevent certain proteases in carrying out their function of digesting other proteins.  The inhibitory nature of these proteins gives them the title small trypsin inhibitor or STI.   Analysis of the cultures of wild-type S. coelicolor and a bldA mutant showed a lack of STIs in the mutant culture.  Previously one of these protease inhibitors had been implicated in sporulation in           S. exfoliates (Kim and Lee, 1995).  Its role appears to be to hold an extracellular trypsin-like protease inactive until the culture is ready to sporulate, at which time a further protease is secreted which targets the STI protein.  Degradation of the STI releases the trypsin-like protease which allows digestion of the substrate to release nutrients to add growth to the sporulating hyphae.  Work is still underway to verify the presence of such a system in  S. coelicolor but a candidate which might degrade the STI has been found in wild-type cultures and is absent in a bldA mutant.  To extend these comparisons, the similarity between bldA and bldH mutants could potentially be due to involvement of the bldH gene in the expression of the STI gene.   Support for this claim comes from work on the bldH gene from S. griseus where it is called adpA.  The AdpA protein encoded by the adpA gene is a key regulator of multiple functions which it carries out by recognizing a short DNA sequence next to its target genes (Kato et al., 2005).  In S. coelicolor two recognition sequences which could bind AdpA have been found next to the STI gene and that the expression of the STI was found to be absent in a bldH mutant  ADDIN EN.CITE (Kim et al., 2005) Further evidence comes from the theory of the bldA/AdpA cascade from aerial hyphae development from S. griseus which produces several proteases that are sensitive to STI-like proteins and are encoded by AdpA-dependent genes, at least one of which is known to contribute to aerial hyphae development  ADDIN EN.CITE (Kato et al., 2002).
1.2.3.7  bldI
The bldA-encoded tRNA is poorly expressed in a bldI mutant (Leskiw and Mah, 1995).  Its function is so far unknown and does not obey the extracellular complementation hierarchy found for the other bld genes and has a unique role.  On R2YE media, SapB production and aerial mycelium formation depend on bldA, bldB, bldC, bldD,bldF, bldG, bldH, bldI, bldJ  ADDIN EN.CITE (Bibb et al., 2000).

1.2.3.8.  bldJ.
bldJ occurs at the end of the suggested bld signalling cascade where each mutant acts as a donor and restores aerial development of the mutants to its left.  As the complementation does not require direct contact of the mutants it has been suggested that a cascade of at least five extracellular signals are produced to eventually produce SapB and surfactant (Willey et al., 1991).  These signals are not yet characterised except for a small 655 Da serine and glycine-containing oligopeptide shown to rescue aerial development of the mutant bldJ strain in a bldK-dependent manner (Nodwell and Losick, 1998).  It is known that bldJ is required for the synthesis of Signal 1, an extracellular oligopeptide that has been partially characterised.  Signal 1 is believed to be imported by a multi-component ATP-dependent transport system specified by genes of the bldK locus (Nodwell et al., 1996).  Only bldK and bldJ appear to encode direct components of the hierarchical signalling cascade and all of the other bld genes appear to encode products that must have indirect roles in signal production, sensing or uptake (Nodwell et al., 1996).
1.2.3.9  bldK
bldK expresses a regulatory factor involved in  S. coelicolor differentiation.  The bldK locus was identified as supplying the blueprint for the oligopeptides permease complex which acts as the first receptor for the oligopeptidyl signal  ADDIN EN.CITE (Nodwell and Losick, 1998; Nodwell et al., 1996).  The locus includes SCO5112 to SCO5116.
S-Adenosylmethionine (SAM), a major methyl donor in many biological processes, was recently found to be involved in the regulation of differentiation in streptomycetes and in the promotion of actinorhodin (Act) and undecylprodigiosin (Red) in S. coelicolor (Park et al., 2005).  Overexpression of S-adenosylmethionine synthetase causes overproduction of Act (Okamoto et al., 2003).   However, despite its normal function SAM is known to regulate antibiotic synthesis in a manner which does not rely on its role as a methyl donor (Zhao et al., 2006). Protein profiling studies revealed that SAM enhances the expression of oligopeptide-binding components related to ABC transporters that included bldK.  A radiolabeled SAM feeding experiment substantiated the prediction that exogenous SAM was imported into the cell under the control of the bld cascade, with bldK acting as the major player in this role (Park et al., 2005).  Analysis of the effects of SAM on other ABC transporters was verified using mutational analysis of individual genes in a cluster, inactivation of either SCO5260, or SCO5476 led to impaired sporulation on agar with a reduction in the yield of Act and Red antibiotics particularly for SCO5260.  This study suggests that SAM induces several ABC transporters involved in secondary metabolism and morphological development in S. coelicolor (Shin et al., 2007).

The bldK locus consists of five open reading frames whose genes encode the subunits for an oligopeptide permease family of an ATP-binding cassette (ABC).  This multicomponent ATP-dependent, membrane-spanning transport system appears to be the importer of the oligopeptide, bldJ-dependent extracellular signalling factor, Signal 1 (Nodwell and Losick, 1998).  The bldK locus is not present in other actinobacterial genomes.  It is one of the early players in the predicted bld signalling cascade and the signal it imports is responsible for the production of a second extracellular signal which is dependent on the products of bldA and bldH for its action.
Oligopeptide permease is a member of the ABC transporters and is generally composed of five components, including a periplasmic, oligopeptide-binding lipoprotein.  This lipoprotein serves as a receptor for the signalling molecule to present the substrate to the integral membrane protein which is already combined with its respective bound ATP-binding complex.  This complex is regarded as a substrate-specific factor.  The permease-mediated oligopeptide import system may contribute to the salvaging of nutrients and the signalling pathways regulating cellular metabolism.  The latter function was well-documented with bldK in S. coelicolor (Nodwell and Losick, 1998).  
1.2.3.10  bldL
SapB production and aerial mycelium formation depend on bldA, bldB, bldC, bldD, bldF, bldG, bldH, bldl and bldK but to date the exact function of the genes encoded by bldl is unknown (Willey et al., 1991).  
1.2.3.11  bldM
BldM is a two component response regulator (Molle and Buttner, 2000).  The bldM gene has two BldN dependent promoters   ADDIN EN.CITE (Bibb et al., 2000).  An important role for BldM is the activation of the chp genes which encode the morphogenetic chaplin proteins (Elliot et al., 2003).  Some bldM and bldN alleles give rise to a white aerial mycelium phenotype which suggests that they have dual roles and are involved in other stages of development  (Ryding et al., 1999).  Although BldM has all the highly conserved residues associated with the phosphorylation pocket of conventional response regulators, aspartate-54, the putative site of phosphorylation, is not required for BldM function (Molle and Buttner, 2000).  SapB production is blocked in all bld mutants when grown on rich medium, with the exception of bldM and bldN where SapB production is associated with delayed aerial hyphae formation (Kodani et al., 2004).
1.2.3.12.  bldN


























1.3.1.1 Early whi genes
1.3.1.1.1.  whiA
The whiA gene is located in a cluster seen in many Gram-positive bacteria and may specify a transcriptional activator (Davis and Chater, 1992).  whiA and whiB mutants both have unusually long and curly hyphae that lack sporulation septa (Flardh et al., 1999).  It appears that WhiA and WhiB, which are found in the aerial hyphae, somehow respond to changes in growth patterns  and become converted to their alternative forms WhiA* and WhiB* (Chater, 2001) which may be involved in halting aerial hyphae growth, and septation can only occur once this has taken place making it highly likely that the two proteins actions are interlinked (Jakimowicz et al., 2006).  Unusually, the expression of whiA and whiB genes is likely to be independent of whiG  ADDIN EN.CITE (Ainsa et al., 2000; Soliveri et al., 1992).  In S. coelicolor WhiA is expressed at low levels throughout the life cycle but is upregulated during hyphal growth (Ainsa et al., 2000).  Another feature of whiA and whiB mutants is that they lack detectable levels of the protein FtsZ which is involved in constructing the ladder-like structures within the aerial hyphae  ADDIN EN.CITE (Flardh et al., 2000; Schwedock et al., 1997).   whiA is transcribed from two promoters, upregulation has been shown to depend on WhiA which suggests autoregulation, but this may be direct or indirect (Ainsa et al., 2000).  
1.3.1.1.2.  whiB
WhiB is a transcriptional activator involved in sporulation which is unique to actinomycetes  ADDIN EN.CITE (Davis and Chater, 1992; Soliveri et al., 2000 ). Control of its expression does not appear to depend on  bldA, whiA, whiB, whiG, or whiH  (Soliveri et al., 1992).   Mutants of whiA, whiB and whiG form completely white hyphae and fail to create any sporulation septa.  It is possible that the initiation of the septa is the signal to stop growth (Flardh et al., 2000).  The expression of the whiB promoter is independent of WhiG (as is whiA) and it also has two promoter regions; one of which is constitutive, the other up-regulated during hyphal growth (Soliveri et al., 1992).
The Fe-S  (iron-sulfur) cluster in WhiB is now known to give this protein redox-sensitivity (Jakimowicz et al., 2005a).  The Fe-S cluster may well make WhiB become an autorepressor in its reduced state and hence become an activator of whiA, while WhiA is an autoactivator and repressor of whiB (they may conceivably interact with each others promoters).  When growth of the aerial hyphae stops, a sudden redox shock associated with the change  physiological oxidizes WhiB and releases its autorepressive role.  This leads to higher levels of WhiB which then regulates the expression of other genes such as parABp2 encoding partitioning proteins involved in chromosome segregation in conjunction with an interplay between WhiA, WhiI and WhiI (Jakimowicz et al., 2006).
Searches of DNA sequences of actinomycetes has revealed the family of genes encoding proteins related to WhiB which are now described as the wbl ​genes.  whiB  is  unique to actinomycetes,  encoding small highly-charged and cysteine-rich protein (Davis and Chater, 1992).  The products of the whiB-like  genes are the Wbl proteins, after the derivation of whiB-like  ADDIN EN.CITE (Molle and Buttner, 2000; Soliveri et al., 2000).   S. coelicolor was found to contain at least five wbl genes in addition to whiB  ADDIN EN.CITE (Soliveri et al., 2000).  Disruption of the wbl genes has shown that they play a critical role in the initiation of sporulation septation  ADDIN EN.CITE (Hengstler and Bolt, 2008; Molle et al., 2000).  In  M.  tuberculosis, Wbl proteins have been implicated in the ability of the pathogen to persist within its host for long periods of time, despite the low nutrient and oxidative conditions in the surrounding granuloma, as well as its outstanding tolerance to a wide range of antibiotics  ADDIN EN.CITE (Morris et al., 2005).  The genetic analysis of the wbl genes has shown their exclusive presence in actinomycetes but their biochemical function has remained largely unclear.  They are known to bind an iron-sulfur cluster via four highly conserved cysteine residues which suggests that this factor plays an implicit role in their function (Hengstler and Bolt, 2008).  There has been considerable weight of evidence behind the prediction that the Wbl proteins function as transcriptional regulators  ADDIN EN.CITE (Davis and Chater, 1992; Green et al., 2009).  Carrying out a BLAST search of WhiB against the S. coelicolor genome at strepdb website (http://strepdb.streptomyces.org.uk) revealed the putative wbl-like genes in S. coelicolor; SCO6715, SCO5240, SCO3579 (wblA) SCO7306, SCO7106, SCO4767(whiD), SCO6965 (wblL), SCO6922, and SCO5190 (wblC).  Also two wbl proteins appear on the S. coelicolor plasmids SCP1.95 and SCP1.161.  The Expect values for these genes ranges from 6e-24 for SCO6175 through to 2e-07 for SCO5190 (wblC). The Expect values relate to the likelihood that a sequence with a similar score will occur in the database by chance. In this way the lower the Expect value, the greater the similarity between the input sequence and the match. 

1.3.1.1.3.  whiH
The WhiH protein is  a sporulation transcription factor  which resembles a member of the repressor GntR family of DNA-binding regulatory proteins responsive to carboxylate-containing intermediates of carbon metabolism  ADDIN EN.CITE (Ryding et al., 1998).   It has therefore been suggested that WhiH may respond to metabolic intermediates whose concentration varies during aerial hyphae formation, particularly increasing when growth stops and spores are first detected.  At this point the WhiH protein changes to its second form, WhiH* (Chater, 2001).  The fact that WhiH transcript levels are increased in a WhiH mutant points towards an autoregulatory role.  The single promoter for whiH is directly dependent on the sporulation σ factor WhiG.  The WhiH* form of the protein is required for sporulation septation and the orchestration of DNA segregation, and may be interlinked with the WhiA/WhiB termination of tip growth by integrating these signals to the whiG-dependent cascade.   Immuno-fluorescence microscopy techniques were used to show that whiG, whiB and whiH mutants failed to assemble ladders of FtsZ rings in aerial hyphae (Schwedock et al., 1997).  A whiH mutant was found to be phenotypically similar to a mutant in which the developmental ftsZ promoter had been inactivated  (Flardh et al., 2000).  Another observation showed that the aerial hyphae of whiH point mutants were not as white as whiA and whiB mutants and a low level of whiE mRNA was found  indicating that WhiE expression is reduced but not completely absent in the whiH mutant (Kelemen et al., 1998).
Studies have shown that FtsY is needed for actinorhodin synthesis and sporulation and that this regulation was likely to take place through whiH (Shen et al., 2008) FtsY, the Signal Recognition Particle (SRP) receptor in bacteria, is known to assist in protein targeting.  It contains two domains: a highly charged N-terminal domain and a C-terminal domain (also called the NG domain) The NG domain contains a GTP binding site and in S. coelicolor has an unusually long N-terminus that comprises of 115 residues.  Therefore, it is suggested that the N-terminus of S. coelicolor FtsY may have additional roles compared to those in other Gram-positive bacteria.  
1.3.1.1.4.  whiI
WhiI is a response regulator required for spore septation in the development and differentiation of streptomyces (Ainsa et al., 1999).  It is structurally similar to response regulators of bacterial two-component systems, but lacks lysine and aspartate residues conserved in typical phosphorylation pockets (Tian et al., 2007).  The lack of these residues led to the suggestion that whiI is regulated by another mechanism such as small ligand binding or interaction via another protein (Ainsa et al., 1999).  When disruptions were made to whiI by point mutations of the protein’s phosphorylation pocket, various effects were seen on spore maturation (Tian et al., 2007).  These changes were in contrast to what was seen in a whiI null mutant which was shown to interfere with the production of sporulation septa (Chater, 1975).  Little was known of the regulatory cascade controlling whiI except for its dependence on σWhiG , its ability to autorepress and the cross –regulation between whiH and whiI (Ainsa et al., 1999).  Using microarray data some genes dependent on whiI were revealed, amongst them was a target gene encoded by SCO3900 whose transcription was extremely decreased in a whiI mutant during spore maturation (Tian et al., 2007).  SCO3900 encodes a PadR-like transcriptional regulator which negatively regulates PadA (phenolic acid decarboxylases) of Pedicoccus pentosaceus in response to the stress of toxic phenolic acid  ADDIN EN.CITE (Barthelmebs et al., 2000).   P.  pentosaceus are coccus shaped Gram-positive microbes which are non-motile and non-spore forming, and are categorized as  lactic acid bacteria (Pritchard and Coolbear, 1993).  
Transcriptomics data from S. coelicolor has shown that whiI disruption affected the expression of 45 genes, 23 of them were upregulated and 22 of them were down regulated which is consistent with the theory that WhiI plays different roles during stages of development.  The whiI gene is specifically transcribed by σ WhiG  but whiI may play a role in repression of its own promoter and also the whiH promoter (Ainsa et al., 1999).  The gene product, WhiI may induce chromosome condensation associated with sporulation (Ainsa et al., 1999).

1.3.1.1.5.  whiJ




1.3.2.1.      whiD
WhiD is required for the late stages of sporulation in S. coelicolor and is also named wblB as subcloning and sequencing showed that whiD encodes a homologue of WhiB (hence its Wbl name)  ADDIN EN.CITE (Molle et al., 2000).  The protein WblB, which shows homology to the family of putative transcriptional activators, is required for the initiation of sporulation septation in S. coelicolor.  There is evidence that WhiD can bind a [4Fe-4S] cluster that reacts with oxygen to generate a [2Fe-2S] cluster (Jakimowicz et al., 2005a) (Crack et al., 2009).  The [4Fe-4S] cluster of WhiD can undergo single electron oxidation/reduction and is oxygen labile; suggesting that the activity of WhiD and, by implication, those of other members of the Wbl family, might be redox regulated in vivo  ADDIN EN.CITE (Jakimowicz et al., 2005b).  A constructed whiD null mutant showed reduced levels of sporulation, and the spores that did form were heat sensitive, often underwent lysis and were highly irregular in size which occurred because the septum placing was irregular  ADDIN EN.CITE (Molle et al., 2000). Two whiD promoters, whiDp1 and whiDp2, have been identified and are developmentally regulated. Transcripts from whiDp1 and whiDp2 were detected transiently, approximately at the time when sporulation septa were observed in the aerial hyphae  ADDIN EN.CITE (Molle et al., 2000).
1.3.2.2.      whiE
The grey polyketide spore colour is dependent on the products if the whiE complex locus of eight genes which encode enzymes  that closely resemble the components of type II polyketide synthases (Davis and Chater, 1992).  These are involved in the synthesis of a variety of aromatic antibiotics, including tetracenomycin from S.  glaucescens (Bibb et al., 1989) and  Act from S. coelicolor itself (Fernandez-Moreno et al., 1992b).  
Mutations in whiE genes cause a loss of spore pigment or a change in spore colour, and there is considerable information about the roles of these enzymes in the production of a 24-carbon chain-length polyketide (Shen et al., 1999).  However attempts to characterise the WhiE polyketide have failed, as it appears to be covalently attached to the spore wall (Kelemen et al., 1998).  The whiE genes form two diverging transcription units which are both switched on during sporulation.  These promoters are both dependent on the early whi genes but only one is dependent on the sporulation specific SigF (Kelemen et al., 1998).  Disruption of one promoter caused a change in spore colour from grey to green (Yu and Hopwood, 1995).  When a sigF null mutant was created the same green spore phenotype was seen suggesting that SigF changes the nature of the spore pigment rather than disrupting its production completely (Kelemen et al., 1998).












1.3.2.3.       whiL
Function unknown (Ryding et al., 1999).
1.3.2.4.      whiM
Deleting the genes previously known as whiM and whiN created a bald phenotype hence they were renamed bldM and bldN


1.4.1  Structural elements of the aerial hyphae and spores














The cell wall is not a static structure, it undergoes continuous reorganisation during vegetative growth and cell division (Moat, 2002).  The cell wall is  fragmented by enzymes such as lysozyme which attack the polysaccharide backbone and peptidases which attack the peptide bonds (Smith et al., 2000).   Growth of S. coelicolor  cell walls occurs at the hyphal tips rather than by insertion of new peptidoglycan units into the lateral walls (Flardh, 2003b).  Cross wall production in the vegetative hyphae is infrequent and cross wall production at the tip of hyphae can only occur once a new tip is created by lateral branching.  This apical extension involves a protein called DivIVA which is essential for growth.  Overexpression of DivIVA  induced multiple branch-like lateral outgrowths  ADDIN EN.CITE (Flardh, 2003a).  
Streptomycetes show a unique example of cell division including the involvement of an ancestral homologue of tubulin called FtsZ which polymerizes into a cytokinetic Z ring on the inner surface of the cytoplasmic membrane providing the location of the division site and also acting as the scaffold for the assembly of other components of cell division (Harry et al., 2006).  The dynamic behaviour of FtsZ depends on its ability to bind and hydrolyse GTP (de Boer et al., 1992).  The FtsZ protein is required for the infrequent septation in the vegetative hyphae but mainly in the aerial hyphae where multiple synchronous septation occurs to produce the unigenomic spore compartments.  In order for ftsZ to be regulated it has several promoters (Flardh et al., 2000). One of the promoters is upregulated during sporulation when a series of FtsZ rings are formed producing the FtsZ ladder.  The more common system found for location of the FtsZ rings is the Min system  (mid cell producing minicells in B.  subtilis) which acts as a cell division inhibitor in non-actinomycetic species (Marston et al., 1998). The role of the Min proteins in Streptomyces is not yet established.    In S. coelicolor the streptomycetes-specific SsgA protein may have a role in  positioning FtsZ and septation in the aerial hyphae  ADDIN EN.CITE (Noens et al., 2007).
In searching for genes coding spore associated proteins, two proteins were found to be associated with mature spores, these were SapA and SapB  ADDIN EN.CITE (Guijarro et al., 1988).  SapB is known to play a crucial role in aerial hyphae formation as already mentioned (Willey et al., 1991).  The sapA gene encodes a 13 kDa  spore-associated protein which has a signal peptide sequence which is now recognised to be a spore coat protein (Im, 1995) that shows no strong homology to proteins in B.  subtilis.  Three other proteins SapC, SapD and SapE are encoded by the S. coelicolor plasmid SCP1.  The inability to find SapB by a reverse genetic  procedure which found the other Sap proteins implied that this protein was assembled nonribosomally in a manner similar to the peptide antibiotics by development of the ramS gene (Kodani et al., 2004).  

1.5.1    Control of transcription
1.5.2.   RNA polymerase.  
Bacteria are the most versatile and widespread forms of life on our planet.  Their survival in diverse and at times extreme environments stems from their ability to respond rapidly to changes.  This process is brought about by tight but rapid gene regulation which takes place at several levels, the most common being regulation of transcription to produce mRNA.  The proteins involved in transcription rely on the role of the RNA polymerase enzyme which was first discovered in 1960 by Weiss, Stevens and Hurwitz   ADDIN EN.CITE (Chamberlin et al., 1970; Hurwitz, 2005; Hurwitz, 1960 ).  The role of RNA polymerase is to create an antiparallel, complementary RNA copy of the DNA strand.  The overall architecture and characterization of RNA polymerase (RNAP) was elucidated using biophysical, genetic and biochemical analysis using bacteriophage T7 RNA polymerase, a single subunit enzyme.  The crystal structure was solved for the uncomplexed enzyme at 3.3 Å resolution (Sousa et al., 1993).  The X-ray analysis was continued on the same enzyme to probe the polymerase when bound to its promoter.  The analysis indicated the presence of a transcription bubble and the binding activity to take place in the major groove of the DNA involving antiparallel beta-loops and bases in the enzyme.  The amino terminal domain was recognised to be involved in promoter recognition and DNA melting (Cheetham et al., 1999).  
The bacterial RNAP differs from the phage T7 RNA polymerase in its resistance to rifampicin (Levin and Hatfull, 1993). The core enzyme is a large protein complex of 400 kDa consisting of 5 subunits, ααββ’ω. The core enzyme is about consisting of two α subunits which assemble the enzyme and bind the regulatory factors (Kimura and Ishihama, 1995).  Each subunit has two domains; αCTD (C terminal domain) which bind the UP element of the promoter (in species which have an UP element in their promoter) and the αNTD (N terminal domain) which bind the rest of the polymerase.  The two α units play a role in transcription initiation (Busby and Ebright, 1994).  There are two β subunits; β has the polymerase catalytic core which brings about the synthesis of the RNA including chain initiation and elongation, and β’ which binds the DNA non-specifically.  The ω subunit restores the denatured RNA polymerase in vitro (Ghosh et al., 2001). The RNAP holoenzyme is completed by the addition of the σ factor which is a prokaryotic transcription initiation factor that allows for specific binding of the RNAP to promoter sites.  The understanding of the RNA polymerase core plus σ factor producing the holoenzyme has been greatly enhanced by the determination of the first RNAP holoenzyme crystal structure  ADDIN EN.CITE (Zhang et al., 1999).  The holoenzyme consists of ααββ’ωσ.








The RNA polymerase initiates RNA assembly at promoter sites which are particular DNA sequences that are defined by genetic and biochemical criteria which are found to be located  upstream from the start point of RNA synthesis (Walter et al., 1967).  The promoter sequences themselves were originally defined by Jacob and Monod and have been shown to typically contain two six-base-pair sequences called the -10 and -35 according to their position upstream of the transcription start point (Jacob and Monod, 1961).  It is now known that these are the positions where the σ factor binds to the DNA. The promoter sequences are specific to the cognate σ  factor.
The binding of the polymerase to the promoter occurs with a binding constant which forms the inactive intermediate stage called the closed complex.  The closed complex then isomerizes to form the transcriptionally active open complex.   Both of these processes involve noncovalent binding events.  The energy utilised from NTPs is not brought into play until the subsequent binding of the template directed-nucleoside triphosphates occurs and RNA chain elongation begins.  The strength of the promoter is a term used to describe the rate of synthesis of RNA from a given promoter.  In general there is one copy of each gene per cell and only one enzyme is responsible for transcription of these genes, some genes are transcribed every few seconds others may only be transcribed once in the cells lifetime and the relative activity of transcription is brought about by the controlling influence of σ factors which combine with RNAP to define its specificity to particular promoters and enable the catalytically proficient core to initiate transcription from a promoter sequence.


1.5.3.  Sigma factors
The role of the σ factors is to recognise promoter sequences and enable the RNAP holoenzyme to initiate transcription.  The specificity for promoter recognition is supplied by the dissociable σ  unit which provides the components required for promoter recognition and DNA melting but only when bound to RNA polymerase.  The bulk of transcription occurs during exponential growth which is controlled by the σ70 housekeeping σ factor originally isolated in E.  coli  and named after its molecular weight of 70 kDa (Burgess et al., 1969).  Alternative σ factors control specialized regulons which are activated under particular conditions such as cell wall integrity, osmotic shock response, temperature changes, morphological development and other stress-related conditions.  The effects of σ factors are often modulated by activators and repressors.  
The classification of σ factors developed as a result of their homology to σ70 as this was the original σ factor to be isolated.  Later, alternative σ factors were found and the classification according to their molecular weight was continued.  The advent of genome sequencing has led to the discovery of a vast array of further σ factors which meant that the historical classification needed some adjustment.  A group classification of 4 main groups positions σ70 and its orthologues into group 1 which are the housekeeping sigmas.  Group 2 are closely related to Group1 but are not all essential for growth; one factor in this group is the general stress factor, σs in E.coli.  Group 3 holds factors which are even further divergent from σ70 and can be subdivided into evolutionary sub groups which often cluster together and are responsible for factors controlling heat shock, flagellar biosynthesis and sporulation.  Group 4 factors are the least homologous to σ70 and were originally called ECF σ factors as many were found to be involved in functions related to the extracellular environment in relation to the cell membrane or transport.  Recently it has been realised that these factors have a broader range of functions and have therefore been named Group 4 factors (Helmann, 2002).
Early studies revealed multiple forms of RNAP holoenzyme in S. coelicolor  ADDIN EN.CITE (Buttner et al., 1988; Westpheling et al., 1985).  The number of known σ factors found in S. coelicolor has increased steadily over the years.   In 1999 David Hopwood mentions a total of “at least 20” (Hopwood, 1999) however, following the publication of the genome sequence there is now considered to be  65  ADDIN EN.CITE (Bentley et al., 2002).   S. coelicolor was expected to have a large number of σ factors as studies revealed the diversity of the promoter regions  ADDIN EN.CITE (Bourn and Babb, 1995; Strohl, 1992).  
In S. coelicolor there are four genes; hrdA, hrdB, hrdC and hrdD which appeared to encode RNAP σ factors with sequence homology to σ70 from E. coli.  (Gopal and Chatterji, 1997).   However, gene disruption experiments revealed that hrdB was essential in S. coelicolor A3(2) but showed that hrdC and hrdD mutants were viable and were apparently unaffected in differentiation,  morphology, and antibiotic production.  Therefore hrdB belongs to Group 1 whilst hrdA, hrdC and hrdD are part of Group 2  (Buttner et al., 1990).  Later it was demonstrated that HrdD actually functions as a σ  factor to transcribe redD and actII-orf4 promoters in vitro (Fujii et al., 1996).  The principal σ factor of S. coelicolor, HrdB contains all the functional domains associated with σ70 including the highly conserved sequence of 13 amino acids called the rpoD box region which is conserved in the rpoD genes of S. coelicolor A3(2),  E. coli, and B. subtilis.  The rpoD box is known to be involved in DNA binding  ADDIN EN.CITE (Tanaka et al., 1988).
The total of 65 σ factors in S. coelicolor includes 51 ECF (Group 4) σ factors.   ECF σ factors provide a means of regulating gene expression in response to various cellular changes (Missiakas and Raina, 1998).  These activate genes involved in disulphide stress, cell wall homeostasis and aerial hyphae development, amongst others  ADDIN EN.CITE (Paget et al., 1999).  The ECF σ factors are generally small regulatory proteins of ~20-30 kDa which are often co-transcribed with at least one negative regulator, at times these include a transmembrane protein which acts as an anti-sigma factor which binds and inhibits the cognate σ factor.  In some criteria this method of transcriptional control bears a resemblance to the two-component regulatory systems of a transmembrane histidine protein kinase and a DNA binding response regulator as both systems coordinate a cytoplasmic transcriptional response to signals which are detected by protein domains outside the cell membrane (Helmann, 2002).  Three ECF σ factors of S. coelicolor  have been studied in detail. Each of these three sigmas, σ E,σR, and σBldN  have a different mechanism for controlling their σ factor activity.  σ E has been found to respond to changes in the cell envelope to maintain its integrity  ADDIN EN.CITE (Paget et al., 1999).  σR has been found to be a key regulator in responses to oxidative stress.  The cytoplasm is a reducing environment where thiol groups are maintained in a reduced state. A sigR mutant was unable to respond to the adverse balance of the thiol-disulphide redox balance which is described as disulphide stress (Aslund and Beckwith, 1999).  The theory that σR was involved in this redox balance was borne out by the discovery of a reduced level of disulphide reductase in the sigR mutant  ADDIN EN.CITE (Paget et al., 1998).  σBldN was described in the section of bld genes and will not be discussed here.  
Other σ factors which do not fall into the two groups mentioned above reside in Group 3 and are involved in stress responses and morphological differentiation.  This group carries a subgroup which is peculiar to Gram-positive bacteria.  Most bacteria only carry one Group 3 σ factor; however, there are variations between species, B. subtilis carries three Group 3 σ factors, SigF, SigG and SigB.  SigF and SigG of B. subtilis control forespore development whilst SigB controls stress responses. SigB  is the central regulator of stress responses in B.  subtilis  and is known to regulate the expression of more than 200 genes. Acitivity of SigB is  regulated by an anti-σ  factor and anti-anti-sigma factor,  RsbW and RsbV respectively (Price, 2000).  Nine σ factors in S. coelicolor bear a significant homology to SigB from B. subtilis and are hence described as SigB-like σ  factors and were annotated on the arrival of the genome sequence.  These nine SigB-like σ  factors are involved in responses to various stresses and in development.  The large number of alternative σ factors in S. coelicolor presumably accounts for the independent regulation of diverse stress response regulators  ADDIN EN.CITE (Bentley et al., 2002).  There are multiple anti sigma factors and anti-anti-sigma factors encoded in the genome of S. coelicolor. However only bldG encoding an anti-anti-sigma factor and rsbV, controlling SigB activity have been  characterised in detail  ADDIN EN.CITE (Bignell et al., 2003; Lee et al., 2004).  

The SigB-like family includes SigB=J, L,I,N,F,H,K,G placed in order of similarity to SigB from B. subtilis. SigJ  was found to be homologous to SigB from B. subtilis and was consequently renamed  ADDIN EN.CITE (Kelemen et al., 2001).  Some of the σ  factors are discussed in detail elsewhere in this thesis and will not be repeated here.  Transcription of sigH was shown to be induced by heat, ethanol and osmotic stresses but also to be a target for a developmental repressor BldD  ADDIN EN.CITE (Kelemen et al., 2001).  SigH was shown to be involved in sporulation and salt-stress response  (Sevcikova et al., 2001).  SigI and SigJ  have been shown to be independently regulated and induced during osmotic stress (Viollier et al., 2003).  Production of a further member of the SigB-like family was SigB in S. coelicolor (which was originally named as SigJ) which was found to be induced during osmotic stress (Cho et al., 2001) and a constructed sigB mutant was impaired in the formation of aerial hyphae on solid media with a high osomolite concentration (Cho et al., 2001).  The genes encoding the proteins for SigK, L and M are transiently induced in response to stress and their collective induction after temperature and osmotic upshifts may reflect their involvement with a response mechanism which prepares S. coelicolor for multiple stresses  ADDIN EN.CITE (Cho et al., 2001; Karoonuthaisiri et al., 2005; Kelemen et al., 2001; Viollier et al., 2003).  Sig F and WhiG are the sporulation specific sigma factors that are discussed elsewhere in this thesis.

In several in vitro assays RNA polymerase has been found to activate genes in conjunction with particular sigma factors, but transcriptomics data has revealed that in vivo analysis does not always coincide with in vitro work.  These variations include gltB (SCO2026), encoding a glutamate synthase subunit, which was activated by holoenzyme containing σH in vitro (Kormanec and Sevcikova, 2002) but expression of gltB was not induced in response to osmotic stress in vivo (Karoonuthaisiri et al., 2005).  After sucrose upshift in S. coelicolor transcripts were apparent from sigI, sigJ/B, sigK, sigM, sigH and sigL in a sequential order followed by the synthesis of proteins from these genes.  Variations in gene activation could be brought about in concert by different sigma factors in response to the stresses imposed on the organisms.  This may be similar to the cascade of sigma factors which governs sporulation in B. subtilis (Piggot, 2002).  S1 mapping results in S. coelicolor suggested that after an osmotic shift, when σB was released from its anti-sigma factor it increased transcription from its own promoter as well as other related sigma factors; σL, σM ,σHrd which amplifies a positive regulatory cascade (Lee et al., 2005).

Analysis has shown that there is a hierarchical relationship between the sigma factors needed for Streptomyces sporulation.   Also that there is a link between stress and development, firstly H was identified to be one of the sigma factors associated with stress, then it was shown that this sigma factor was temporally and spatially regulated during the cell cycle.  The expression of H was shown to be repressed during vegetative growth by the transcription factor BldD.  bldD was one of the first “bald” development genes isolated from S. coelicolor.  These two results indicate the strong link between stress and development   ADDIN EN.CITE (Kelemen et al., 2001).  Many other proteins are involved with transcription apart from the sigma factors; the S. coelicolor sequence contained 7825 genes, 965 of these could encode other types of  transcription factors as they contain characteristic motifs that bind to DNA, this proportion of regulators is high for a bacterial genome  ADDIN EN.CITE (Bentley et al., 2002).    
Sporulation in S. coelicolor is subject to many checkpoint controls particularly in response to stress, these responses are reviewed in  ADDIN EN.CITE (Chater, 2001; Cho et al., 2001; Kelemen et al., 2001; Sevcikova et al., 2001; Viollier et al., 2003).  The particular sigma factors relevant to this research are now discussed.

1.5.3.1 whiG
 whiG encodes  an RNA polymerase σ factor required for the formation of spore chains.  In the aerial hyphae, transcription of whiG is not dependent on any early known whi genes (whiI A,B,G,H,I and J).  whiG mRNA was found to be present at all stages of development (including those taken before aerial hyphae formation) suggesting that whiG is regulated-post transcriptionally (Kelemen et al., 1996).  whiG appears in many bacteria (Chater and Chandra, 2006) and is essential for sporulation septation (Mendez and Chater, 1987). whiG mutants give long straight aerial hyphae which does not show sporulation septation (Flardh et al., 1999).  
In the preliminary stages of aerial hyphae formation the hyphae are developmentally undefined and their fate is determined when the sporulation-specific WhiG factor  becomes active (Chater et al., 1989).  This activation may partially be caused by release of whiG repression by BldD (Elliot et al., 2001).  WhiG is orthologous to the  factors found in other bacteria which direct transcription of genes involved in chemotaxis and motility  ADDIN EN.CITE (Elliot et al., 1998).  The whiG gene found in many streptomycetes is similarly involved in committing the aerial hyphae to spore formation, and where sequencing has been completed, show considerable conservation in their coding regions and in their promoters from –1 to – 45 which contains at least one of the BldD-binding sites found in S. coelicolor  ADDIN EN.CITE (Catakli et al., 2005; Elliot et al., 2001; Kormanec et al., 1994 ; Soliveri et al., 1993).  













The sigG gene was identified using an oligonucleotide probe against the genomic library which had identified several other σ factors (Kormanec et al., 1999).  The σ factor showed considerable homology to SigF and SigB from B.  subtilis.   A sigG mutant showed no obvious effect on the colony growth, morphology and in the production of the antibiotics actinorhodin and undecylprodigiosin.  The σ  factor was characterized and identified to initiate transcription in      E.  coli (Sevcikova et al., 2005).





Another of the ten SigB like RNA polymerase σ factors implicated in morphological differentiation was characterised  in the Kelemen laboratory  ADDIN EN.CITE (Dalton et al., 2007).  A constructed null mutant was delayed in development and exhibited a bld phenotype when grown as a single colony on minimal medium containing glucose as a carbon source.  sigN has been shown to have two promoters.  One of the two sigN promoters, sigNP1, was active only during growth on solid medium, when its activation coincided with aerial hyphae formation.  Transcription from sigNP1 was readily detected in several whi mutants, but was absent from all bld mutants tested, suggesting that sigNP1 activity was restricted to the aerial hyphae.  It also depended on sigN, thus sigN was autoregulated.  In vitro run off transcription experiments using purified SigN on the B.  subtilis ctc promoter confirmed that SigN is an RNA polymerase σ  factor  ADDIN EN.CITE (Dalton et al., 2007).  A sigN null mutant failed to express NepA which led to the prediction that SigN was the σ  factor associated with expression from the single nepA promoter.  It was also shown that in vitro run off transcription failed from the PnepA suggesting that a further factor may be required for the transcription of this putative signalling protein, NepA.  It has recently been shown that SigN is involved in differentiation, secondary metabolism and many stress responses as a sigN mutant strain showed growth retardation under stresses of cold, acid, oxidation, salt and ethanol  ADDIN EN.CITE (Wang et al., 2009a).  The mutant strain also showed a reduction in the production of antibiotics Act and Red   ADDIN EN.CITE (Wang et al., 2009a).  The proteomic analysis from the same research showed upregulation of genes involved in energy metabolism, stress responses, ATP-binding, ppGpp stringent stress response and transcriptional anti-termination amongst others in the mutant strain, the down regulated genes were involved in antibiotic production and differentiation  ADDIN EN.CITE (Wang et al., 2009a).

1.6.1 Signaling in bacteria
Cell to cell signalling is a fundamental process carried out by all cell types. Bacteria communicate with each other to coordinate many essential processes, such as cell division, genetic transformation, sporulation, and synthesis of antibiotics and other secondary metabolites.  The first hormone-like signalling molecule to be found secreted into the surrounding media was isolated in 1965 (Tomasz, 1965).  At the time of the isolation of this molecule researchers already had knowledge of hormones in higher organisms and it was suggested that the signalling that was taking place in bacteria was by a process involving similar large hormone-like molecules.  
More models were developed to explain the predicted communication between bacteria particularly in bioluminescence and conjugative plasmid transfer.  The term quorum sensing was described whilst studying the luminescence system in Vibrio fischeri (Fuqua and Winans, 1994).   Quorum sensing is defined as the regulation of gene expression in response to fluctuations in cell-population density.  Bioluminescence was found to be induced by small autoinducer molecules in the bacterium V. fischeri by their diffusion into the bacteria.  These diffusible molecules were homoserine lactones  (HSL) which had to reach a certain concentration to regulate the luminscence system seen in this bacteria (Kaplan and Greenberg, 1985).  The HSL is synthesized through the LuxI protein which activates the lux operon by interacting with the transcriptional activator protein LuxR leading to activation of the luciferase gene (Engebrecht et al., 1983).  Further insight into this system was gathered when synthetic analogues of the 3-oxohexanoyl homoserine lactones were diffused into V. fischeri and other species to analyse their specificity.  The analogues created luminescence in V. fischeri to some degree but did not function in other species indicating that the autoinducers are species specific (Eberhard et al., 1986).
For some time it had been established that bacteria communicate with one another by autoinduction.  Previous work on this species had shown that when these bacteria were cultured in broth they showed a lag in luminescence caused by a lower lux gene expression during the early and mid growth phases but showed a rapid increase in expression during the later phases.  This luminescence could be triggered early in the cycle by the addition of fluid extracts of the autoinducer showing that the diffusion of the homoserine lactone autoinducer was dependent on the number of cells, a system which applied a negative feedback control which then became known as quorum sensing (Fuqua and Winans, 1994).  Many other mechanisms of control have now been found to be due to homoserine lactones which play an important part in the processes within colonies of bacteria controlled by population density, both in terms of their interactions with individuals and their own separate processes.  The levels of extracellular signals will only take effect when they reach a certain concentration, normally in the nanomolar range, in this way a feedback loop exists that controls periods when bacteria need to differentiate.  By producing chemical signals bacteria can communicate and coordinate regulatory events in large populations and in some ways mimic multicellular organisms.  Differences in the systems exist because each organism’s signals have been optimized to promote survival in the specialized niche in which it lives.
Both Gram-negative and Gram-positive bacteria use quorum-sensing communication systems to regulate a wide range of physiological activities; Gram-negative bacteria use acylated homoserine lactones (AHLs) and Gram-positive bacteria use processed oligo-peptides or γ- butyrolactones.   No homoserine lactones have been found in Gram-positive bacteria to date.  Gram-positive bacteria produce -butyrolactones as quorum-sensing signals, which are structurally quite similar to AHLs but their mode of action is different.   Signal processing usually involves transduction across the cytoplasmic membrane and/or via importing a signal from the bacteria itself or exclusively from surrounding members of the colony.
The use of AHLs in Gram-negative bacteria has been well documented.  One example is virulence determinants in Pseudomonas aeruginosa, which are activated by N-(3-oxododecanoyl)-HSL  ADDIN EN.CITE (Kim et al., 2001).  All the AHL systems follow the same pattern of a transcriptional regulatory protein which is homologous to LuxR and an autoinducer molecule (N-AHL) which is produced by luxI homologues.  Once a threshold level of extracellular AHL is reached the regulatory protein binds to the autoinducer to modulate the expression of the target genes.

1.6.1.1	Homoserine lactones.
Most peptide quorum-sensing signals are cleaved from larger precursor peptides which are then modified to contain lactone and thiolactone rings, lanthionines, and isoprenyl groups (Ansaldi et al., 2002).These diffusible molecules are highly conserved; they have the same homoserine lactone  moiety but differ in the length and structure of the acyl side chain.  Although different target genes are regulated by AHLs, the basic mechanisms of AHL biosynthesis and gene regulation seem to be conserved in different bacterial species.





Table 1.1 Signals and their modes of action 
Signal	 Mediates 
γ-Butyrolactones 	antibiotic synthesis in Streptomyces spp.
Amino acids	swarming in Protease spp
Peptides	-competence in Bacillus spp.
-fruiting body formation in Myxococcus spp.
-conjugal plasmid transfer in Enterococcus spp
N-acyl-homoserine lactones (AHLs)	antibiotic synthesis, virulence gene expression, etc







evelopment of competence for the uptake of DNA in B.  subtilis is one example of a process which is brought about by quorum sensing in Gram-positive bacteria  ADDIN EN.CITE (Atkinson and Williams, 2009; Bassler, 1999; Dunny and Leonard, 1997).  Some understanding of quorum sensing came from studying sporulation events in B.  subtilis (Grossman and Losick, 1988).  It was originally thought that sporulation occurred as a result of cellular responses to levels of carbon, nitrogen, or phosphate starvation, and to growth stage specific developmental cellular signals.  The involvement of quorum sensing in sporulation and competence came from finding that the initiation of sporulation was inefficient at low cell density in the presence of decoyinine (an inhibitor of GMP synthetase which stimulates sporulation but not competence).  It was found that sporulation could be induced  in low cell density on starved colonies if a secreted bacterial factor from high-density colonies was applied ectopically  ADDIN EN.CITE (Dunny and Leonard, 1997).  The dependence of competence and sporulation on an extracellular signal which accumulates in the cell and an oligopeptide permease operon suggested that a signalling process was in operation in initiating the sporulation event.  This process could allow individual members of a colony to “detect” the numbers of surrounding bacteria with which they may have to share the limited nutrients or that could provide further DNA to be taken up during competence.  Alternatively the cell-wall peptide response system could provide the bacterium with a monitoring growth rate which would decrease when sporulation began.

1.6.1.2.  Signalling in Streptomyces

Actinomycetes are interesting because of their complex differentiation cycles and their production of useful natural products, such as antibiotics.  Their signalling system is enhanced by an extracellular product, called A-factor (Khokhlov et al., 1967).  The A-factor (2-isocapryloyl-3R-hydroxymethyl-γ-butyrolactone) is the most characterised -butyrolactone with moiety that closely resembles the quorum-sensing homoserine-lactone signal molecules for many Gram-negative bacteria.  Most streptomycetes produce -butyrolactones  ADDIN EN.CITE (Horinouchi and Beppu, 1992; Takano, 2006) which are implicated in the onset of secondary metabolim and sporulation  ADDIN EN.CITE (Takano, 2006; Yamada, 1999).
The chemistry and interactions of the A-factor system have been reviewed in S.  griseus and has been found to be produced at very low levels during vegetative growth, but when nanomolar concentrations are reached it can act as an inducer of differentiation in this species (Horinouchi and Beppu, 1994).  The mechanism of action involves the interaction of A-factor with an intracellular receptor protein called ArpA  ADDIN EN.CITE (Onaka et al., 1995).  In the absence of the A-factor ArpA acts as a repressor by binding to the target sequence of one or more of the operons that are required for the production of antibiotics and differentiation.  The mechanism of action of A-factor inhibits the repressive activity of ArpA.   
There is evidence that S. coelicolor, which produces the antibiotic actinorhodin, secretes a similar factor, which is capable of complementing S. griseus strains with A-factor mutations (Bibb, 1996).  This result, and the work of a number of other groups, suggests that the A factor–like signalling may be widespread and has actually been found to be a signalling molecule for switching on antibiotic synthesis in many streptomycetes (Horinouchi, 2002).  At least 60% of Streptomyces species appear to produce -butyrolactones which are acylated lactones which show similarity to the AHLs.  S. coelicolor is now known to secrete at least seven different -butyrolactones  (Kawabuchi, 1997).   The selective and very specific extracellular signalling molecules used in this species may prevent competitors from responding to each other’s signals (Chater and Horinouchi, 2003).
Studies on stationary phase cultures found four small diffusible signaling molecules which could induce antibiotic production in the strain.  These signaling molecules were not present during exponential growth.  One of the compounds, SCB1 was found to be a 
-butyrolactone and chemically synthesized SCB1 was found to act in a very specific manner to bring about the production of actinorhodin and undecylprodigiosin (Takano et al., 2000).

-butyrolactones act via receptor proteins (ArpA in the case of A factor) which have DNA binding domains related to those found in the TetR family of transcriptional repressors.  The binding of the -butyrolactone to its receptor leads to the loss of binding ability of the repressor to the DNA.  In this way a feedback system is initiated, when -butyrolactone levels are high the repression of certain genes is lifted and expression of specific genes occurs.  There are at least three homologues to ArpA in S.  coelicolor; cprA, cprB and scbR  are known to be involved in aerial hyphae formation.  Disruption of cprB delays sporulation and increases antibiotic production (Onaka et al., 1998).  Future analysis of each repressor will find if each -butyrolactone recognises the same targets, and how their DNA-binding activities are affected by the signaling molecules and whether they form part of the extracellular signaling bld cascade.


1.7.1   The aims and objectives of this project
The focus of the research carried out in this project centred around the early stages of characterisation of the novel subcellular compartment, the subapical stem  ADDIN EN.CITE (Dalton et al., 2007), which defines the interface between the aerial and vegetative hyphae.  The stem is still present in a non-sporulating mutant of whiG which shows that the stem is not itself dependent on sporulation per se  ADDIN EN.CITE (Dalton et al., 2007).  We are interested in its role and predict that it may be involved in signalling between the aerial tip compartment and the vegetative mycelium.  In Streptomyces, signalling has been shown to control both development (the bld signalling cascade) and antibiotic production (γ-butyrolactones) and signalling in bacteria is implicated in a wide range of biological phenomena such as competence, quorum sensing, sporulation or biofilm formation (Bassler and Losick, 2006).  Previous research in the Kelemen lab. has shown that the subapical stem is the site of sigN-dependent expression of nepA and sigN  ADDIN EN.CITE (Dalton et al., 2007).  The aim of this project was to search for other genes which may be expressed in the subapical stem to gain further understanding of its function using transcripts of genes co-transcribed with nepA and sigN   ADDIN EN.CITE (Hesketh et al., 2007b).
nepA encodes a small secreted protein of 108 aa  and a nepA null mutant strain produces a conditionally bald phenotype  ADDIN EN.CITE (Dalton et al., 2007).  This project aimed to confirm the site of NepA expression  in the stem compartment and then follow the route of the expressed protein from the cell to elucidate the role of this small oligopeptide which is unique to streptomycetes.  If NepA is overexpressed in the cell it may be possible to understand more of its role if a strong phenotype is found in the overexpressing strain.  If the protein is purified would a role be found for the protein if it was applied extracellularly to the Streptomyces colony?















			      
				
2.1.  Growth and maintenance of organisms.
2.1.1.  Bacterial strains and growth conditions
The different molecular biological techniques used required a range of E.  coli strains specialised for different functions ranging from competent cells for transformation of ligation products to those which transfer plasmid DNA between E.  coli and S.  coelicolor (Table 2.1).
All the E. coli strains used in this work are listed in Table 2.1.
Table 2.1.  Genotypes of the E. coli strains used in this study.  Both strains obtained from laboratory stocks.
E. coli strain	Function	Genotype	Reference
DH5	DNA manipulation	sipE44lacU169 endA1 gyrA96 relA1 hsdR17 tHI-1 supE44	(Hanahan, 1983)
ET12567/pUZ8002	Conjugation between E.  coli and S.  coelicolor	Dam dcm hsdS,cmlA.  	 ADDIN EN.CITE (MacNeil et al., 1992a; Paget et al., 1999)

2.1.1.2 E. coli strains






Table 2.2.  Genotypes of the S.  coelicolor strains used.  Strains have optimal growth at 30 °C.  The source of the strains is listed 
S.  coelicolor strain	Function	Genotype	Reference
M145	DNA manipulation	Pgl+,SCP1-, SCP2- 	(Hopwood and Kieser, 1985; Kieser, 2000)
JI984	sigF	 sigF::tsr derivative of M145 	 ADDIN EN.CITE (Kelemen et al., 1998)
K106	nepA	nepA::apr derivative of M145 	 ADDIN EN.CITE (Dalton et al., 2007)

C72	whiA point mutant	whiA72 Pgl+ SCP1+, SCP2+	(Chater, 1972)
C70	whiB point mutant	whiB70 Pgl+  SCP1+, SCP2+ 	(Chater, 1972)
C71	WhiG	whiG71 Pgl+  SCP1+, SCP2+	(Chater, 1972)
C119	WhiH	whiH119 Pgl+  SCP1+, SCP2+ 	(Chater, 1972)
C17	WhiI	whiI17 Pgl+  SCP1+, SCP2+	(Chater, 1972)
C77	WhiJ	whiJ77 Pgl+  SCP1+, SCP2+ 	(Chater, 1972)

2.1.1.3 Streptomyces strains
Streptomyces strains were grown at 30 oC on SFM, MM-glucose or MM-mannitol solid media.  A further media used was SF-glucose solid medium prepared like SFM except that mannitol was replaced by 1% glucose added after the first round of autoclaving (Kieser, 2000).  

Table 2.3 Antibiotic concentrations.  Data given for stock and final media concentrations for E. coli and S. coelicolor







The antibiotic stock solutions were prepared then sterilised using a 0.2 µm filter and stored at      -20 ºC

2.1.1.4 Storage of whi mutant strains
A sterilized solution of 1% milk powder, 1% soya flour , 20% glycerol and distilled water was made and small proportions of mycelial growth was scraped into screw cap Eppendorf tubes containing 500µl of the storage solution.  The aliquots were mixed by shaking and then stored at - 20ºC.  

2.2 DNA Procedures
2.2.1 Isolation of plasmid DNA from E. coli
The method of plasmid DNA extraction is after the method of (Sambrook, 1989).   E.  coli strains were grown in 10 ml LB medium overnight at 37 oC with the appropriate antibiotics.  Cells were collected for DNA extraction by centrifugation (5 minutes at 2000 g).  The cells were resuspended in 100 μl of solution I (50mM Tris/HCl, pH 8; 10mM EDTA).  200 μl of solution II (200 mM NaOH; 1% SDS) were immediately added, the tubes were mixed very gently and left on ice for no more than 5 minutes.  150 μl of solution III (3M potassium acetate, pH5.5) were then added to the mixture and after vigorous inversion the tubes were left on ice for 10 minutes.  The mixture was again centrifuged (2000 g for 5 minutes at 4 oC), supernatant was removed and 2000 μl of phenol/chloroform (1:1, v/v) were added.  After vortexing and centrifugation (5 minutes at 2000 g) the upper aqueous phase was transferred to a new tube and RNase (at 30 μg/ml) [Roche, Basle, Switzerland] was added, the mixture was incubated at 37 oC for 40 minutes.  The phenol/chloroform extraction step was then repeated.  The DNA was precipitated by adding equal volumes of ice cold iso-propanol to the collected, aqueous supernatant, mixed then put on ice for 10 minutes.  The DNA (pellet) was collected by centrifugation (15 minutes at 4 oC), then washed with 70% (v/v) ice-cold ethanol.  After a final centrifugation the ethanol was removed and the DNA air-dried (for 10 minutes) then dissolved in ~100 μl water (depending on pellet size).

2.2.2 Genomic DNA extraction from S.  coelicolor
The PCR production of all fragments for cloning used genomic DNA extracted using the method of Kieser et al, 2000.  S. coelicolor M145 spores were spread onto plates covered with sterile cellulose membranes and grown for 48 hours at 30 ºC on solid SFM medium containing 0.5% glycine.  The cells were harvested into 500 µl of buffer (10mM Tris pH 7.6, 50mM EDTA, pH8) The solution was vortexed gently and then sonicated [Sonic® Ultrasonic Processor, GE 50] on ice for 10 seconds  twice with a minute incubation at  4 ºC  between each sonication.  100µl of 100mg/ml lysozme [Roche, Basle, Switzerland] were added, mixed gently and placed at 25 ºC for 10 minutes.  100µl 10% SDS were added, mixed gently and incubated at 60 ºC until the solution had cleared, which took approximately 5 minutes then 400µl phenol were added, mixed by  inversion and placed back in the 60 ºC water bath for 5 minutes.  After cooling, 200µl chloroform was added; the mixture was mixed by inversion and centrifuged at 16300 g for 5 minutes.  The supernatant was carefully removed, and 200µl of phenol/chloroform (50:50) were added to the Eppendorf tube which were then vortexed and then centrifuged at 16300 g for 5 minutes.  The supernatant was again removed and 400µl chloroform were added and the supernatant was again centrifuged at 16300g for 5 minutes.  The supernatant was carefully removed and 3 times the volume of 100% ethanol was layered onto the supernatant.  The DNA was pooled using a glass rod which was twisted in the Eppendorf tube to collect the strands of DNA which was then washed in 70% ethanol and then air dried for 2-3 minutes.  The DNA was then dissolved slowly in nuclease-free H2O and stored at – 20 ºC.


2.2.3 Polymerase Chain Reaction
2.2.3.1 Amplifying DNA for cloning
To amplify DNA sequences for subsequent cloning, the GoTaq® DNA Polymerase [Promega corp.  Southampton, UK] system was used.  Routinely, 50 l polymerase chain reaction mixture (PCR) contained the following: 1 x reaction buffer (as supplied with enzyme), 2.5mM MgCl2,  0.25 mM of each of the four dNTPs, 50 pmol forward and reverse primers, 0.5ng template DNA and 5% DMSO (all final concentrations) and 0.5U Taq polymerase.  

2.2.3.2 Thermal cycler programme for gene amplification and cloning
All PCR reactions were carried out in a DNA Engine PCR system [BioRAD, Munich, Germany].  For the amplification of promoter regions to generate egfp transcriptional fusions the thermal cycler programme was as follows: 96 ºC for 5 minutes, initial denaturation; 30 cycles of [1 minute 94 ºC further denaturation; 55 ºC, 30 seconds primer annealing; 72 ºC, 30-45 seconds (depending on the size of the amplified DNA) extension] followed by a final extension of 5 minutes at 72 ºC.  

2.2.3.3  Colony PCR





Table 2.4 Primers used during construction and verification of plasmids.  Red text indicates restriction sites included in the primer sequence
Primer Name	Primer sequence 
For construction of nepA fluorescent translational fusions, using mCherry and egfp
4002-BamHI	5’-GGTGCGGATCCCGCAGCGCCGGGAGCTTTGTCC-3’


















Table 2.5 The primers used to generate the egfp transcriptional fusions are as listed. The restriction endonuclease sequences are marked in red.  The letters B, K and X refer to BamHI, KpnI and XbaI restriction sites respectively













































































2.2.4.1 Preparation of chemically competent E. coli cells
10ml LB medium, supplemented with the appropriate antibiotics when necessary, was inoculated with either a single colony or from a glycerol stock of the desired E. coli strain.  The culture was incubated at 37 oC overnight shaken at 230 rpm.  The overnight culture was then sub-cultured to a dilution of 1:100 fold in fresh LB medium and grown at 37 oC to an OD600 ~ 0.4.  The cells were collected by centrifugation at 1800 g at 4 oC for 5 minutes.  After discarding the supernatant the cells were gently resuspended and then washed in ice-cold 10mM NaCl then centrifuged for 5 minutes at 1300 g.  After the wash step the cells were resuspended in ice-cold 30mM CaCl2, 10mM RbCl2 and left on ice for 30 minutes.  The cells were then centrifuged at 2000 g at 4 oC for 3 minutes and resuspended in ~1ml of 30mM CaCl2, 10mM RbCl2.  If cells were stored then glycerol was added to the final concentration of 10% (v/v) and cells were quickly frozen in liquid nitrogen and stored at -80 oC.
2.2.4.2 Transformation of E.  coli competent cells
DNA was added to 100 μl thawed or fresh chemically competent E. coli (both DH5α and ET12567) cells on ice and left for 30 minutes.  The cells were then subjected to heat shock at 42 oC for exactly 1 minute and returned to ice for 5 minutes.  1 ml of LB medium was added and incubated at 37 oC for 1 hour with gentle agitation.  The cells were plated out onto LB agar plates containing the appropriate antibiotic and incubated at 37 oC overnight.

2.2.4.3 Conjugation between E. coli and S. coelicolor
The E. coli ET12567/pUZ8002 strain was used for conjugation into S. coelicolor.  The appropriate constructs were transformed into ET12567/pUZ8002 and single colonies of the transformants were grown at 37 oC in LB medium supplemented with chloramphenicol (25 μg/ml), kanamycin (50 μg/ml) and the appropriate antibiotic selection for the plasmids (often apramycin; 50 μg/ml), to an OD600 of ~ 0.4.  The competent bacteria were washed twice with ice-cold LB and resuspended with approximately 108 Streptomyces spores that had been treated for rapid germination by heating at 50 oC for 10 min in 2 x YT and then cooled.  The mixture was centrifuged then resuspended in 50 μl supertantant.  The donors and recipients were plated after a serial dilution onto SFM medium with MgCl2 at a final concentration of 10mM and were grown at 30 oC overnight.  The plates were then overlaid with nalidixic acid (25μg/ml) and apramycin (50 μg/ml).  After four days, exconjugants were picked from the plates and streaked out for single colonies on SFM medium (containing nalidixic acid 25 μg/ml, apramycin (50 μg/ml).  The single colonies from these plates were then spread for spore stocks on SFM containing apramycin (50 μg/ml) and harvested after four days.
All sporulating S. coelicolor strains were conjugated using the above method including strain J1984     ADDIN EN.CITE (Kelemen et al., 1998; Kelemen and Buttner, 1998).  When non-sporulating whi mutants were the recipients, instead of spores we used freshly grown mycelia for conjugation.  The whi mutant strains were grown on SFM medium for 2 days and mycelia scraped from the plate were mixed with competent cells of E.  coli ET12567 strains carrying the appropriate plasmids.  The rest of the conjugation was carried out as above.  Exconjugants were picked from the plates and streaked out for single colonies on SFM medium (containing nalidixic acid 25 μg/ml, apramycin (50 μg/ml).  The single colonies from these plates were then spread onto cellophane covered SFM medium with apramycin (50 μg/ml) for 3-4 days.  The mycelia were collected from these plates and stored in 1% soya flour, 1% skimmed milk and 20% glycerol and stored at -20 ºC.
2.2.4.4 Spore harvesting from S.  coelicolor
The spore harvest method was adapted from  (Kieser, 2000).  Spores of a single colony were inoculated to generate confluent growth on SFM medium.  After 4-5 days growth at 30 ºC the spores were collected using 5 mls of sterile water added to the plates which were rubbed gently with sterile cotton wool buds.  The crude spore suspension was pippeted back into the sterile water container and agitated violently to break the spore chains.  The suspension was then filtered through sterile cotton wool held inside a syringe barrel, centrifuged for 10 minutes at 2000 g  to pellet the spores.  After removal of the water, 20% glycerol was added to the spore pellet and resuspended in a minimum volume of glycerol, 1-2mls depending on pellet size.  The spore suspension was vortexed and then aliquoted to sterile screw cap Eppendorf tubes and kept at –20 ºC.
2.3 In vitro DNA procedures
2.3.1 Agarose Gel Electrophoresis
DNA samples (with the addition of 1/10 volume of 10 x loading dye) were loaded onto agarose [Melfod Laboratories, Suffolk] gels at a concentration 0.7%, unless the fragments analyzed were less than 400 base pairs, then the concentration was increased to 1%.   The gels containing 1g/ml ethidium bromide were prepared and run in 1x TAE buffer.  The λDNA [Invitrogen, Groningen, Netherlands] ladder digested with EcoRI and HindIII was used as a DNA marker and the gels were visualised using UV illumination at a wavelength of 254nm and photographed with a transilluminator [BioRAD, Munich, Germany].   
2.3.2 Isolation of DNA fragments from agarose gels
DNA fragments on agarose gels were visualised using long wavelength (312nm) UV [Transilluminator C-62, Ultraviolet Products Inc, Calif] in order to avoid nicking of the DNA.  The excised fragments were purified using a QIAquick Gel Extraction Kit [QIAGEN, Crawley, UK] and the manufacturer’s protocol was followed.  Samples were eluted using nuclease-free water.  In all cases recovery was maximised by using a prolonged incubation period of 5 minutes when the samples were eluted from the column.  Recovery was estimated using agarose gel electrophoresis.  
2.3.3 Cloning amplified genes into plasmid vectors
2.3.4 DNA Ligation
The vector (~80 ng) and insert (routinely 1:3 molar ratio), both gel purified, were mixed and incubated together at 65 C for 2 minutes.  1.5 l 10 x ligase buffer [Promega UK Ltd, Southampton] per 15 l of final volume were added, followed by 0.5l T4 DNA ligase and the reaction was incubated at 16 C overnight.  ~2-5 l of the ligation mixture was used for transformation as described in 2.4.2.   
Freshly synthesised PCR products were cleaned up using the QIAquick PCR purification kit prior to ligation into the aliquoted pGEM®-T Easy vectors.The pGEM®-T Easy vector [Promega Corporation, Madison USA] system was used because the plasmids have a high ligation efficiency due to the presence of 3’ –T overhangs.  The cloning site lies within the α-peptide coding region for β-galactosidase which means that successful colonies can be found by blue white screening
2.3.5. Sequencing
Sequencing reactions carried out using BigDye 3.1 [Applied Biosystems, Foster City, CA 94404, USA].  All PCR reactions were carried out in a BioRAD, [Munich, Germany] DNA Engine PCR system.  For the sequencing reaction the thermal cycler programme was as follows: 96 ºC for 5 minutes, initial denaturation; 25 cycles of (15 Seconds, 96 ºC further denaturation; 50 ºC, 10 seconds; primer annealing; 60 ºC, 4 minutes extension) followed by holding temperature of 20 C  hold.  The PCR reaction was mixed at 4 ºC and contained 1l of the Big Dye mixture, 1l HBD  (250mM Tris pH 9.0, 10mM MgCl2), 2l  5 x buffer, 1l 50% DMSO,1l oligo (5pmol), Template DNA ~ 300ng and water  to a final volume of 10l.

Table 2.6.  Bacterial plasmids.All plasmids used in this work are listed in Table 2.6 and 2.7.
Plasmid	Description 	Source
pIJ8660	Promoterless egfp reporter plasmid, autonomously replicates in E.  coli and integrates into the C31 attachment site in the Streptomyces chromosome.  It carries oriT, oripUC18, attP, aac(3)IV	(Sun et al., 1999)
pCJW93	E.  coli-Streptomyces shuttle vector can be used for placing genes under the control of the thiostrepton inducible promoter, PtipA. It autononomously replicated in E. coli and Streptomycetes where it has a high copy number. It carries: oriT, oripUC, to, tfd,  oripIJ101,  aac(3)IV, tsr	(Wilkinson et al., 2002)
pIJ6902	Autonomously replicates in E. coli and integrates into the C31 attachment site in the Streptomyces chromosome.  It carries the thiostrepton inducible promoter, PtipA ,ori pUC18, oriT,  to, tfd ,int ϕC31, attp, tsr, aac(3)IV	(Huang et al., 2005)
pGEM T Easy	E.  coli vector for cloning PCR fragments amplified with TAQ DNA polymerase containts:bla, phage f1 region,.  lac operon, T7 RNAP promoter	Promega
pCJW93- NepASP	Derivative of pCJW93 containing core nepA (without putative signal peptide region)	This work
pIJ6902-NepA	A derivative of pIJ6902 carrying nepA under the control of PtipA	This work
pIJ6902-His	A derivative of pIJ6902 carrying 6 x Histidine tag	This work
pIJ6902-NepA-His	A derivative of pIJ6902 carrying nepA fused to a C-terminal 6 x Histidine tag under the control of  PtipA.	This work
pIJ6902-NepA-His*	A derivative of pIJ6902 carrying nepA fused to a 6 x Histidine tag under the control of the native promoter and the PtipA	This work
pIJ6902-NepASP-His	A derivative of pIJ6902 carrying core nepA           (without the putative signal peptide region)  fused to a C-terminal 6 x Histidine tag under the control of  the PtipA.  	This work
pBS-mCherry	pBluescript derivative carrying the mCherry gene.  The plasmid contained:mCherry; bla, E.  coli oriC, LacZ  	D.  Widdick
pGEM1	pGEM carrying nepASP (encoding core NepA) for further cloning into pIJ6902-His.  Primers used to generate the insert were 3-4002overNdeI and NepA C term His-tag.	This work
pGEM2	pGEM carrying nepA for further cloning into pIJ6902-His.   Primers used to generate the insert were 2-4002overNdeI and NepA C term His-tag.	This work
pGEM3	pGEM carrying PnepA  for further cloning into pIJ6902-His.  Primers used to generate the insert were 4002- BamHI and NepA C term His-tag.	This work
pGEM4	pGEM carrying  PnepA for further cloning into pIJ8660/mCherry.    Primers used to generate the insert were  4002-BamHI and NepA C term FP Nde	This work
pIJ8660-linker	pIJ8660 plasmid with glycine linker 	This work
pIJ8660-mCherry	pIJ8660 plasmid with mCherry sequence	This work
pAZ1	pAZ1carrying a glycine linker region fused to egfp  (derivative of pIJ8668)	Kelemen lab.
pIJ8660-PNepA-mCherry	pIJ8660 derivative carrying  a nepA-mCherry translational fusion.  This construct is transcribed from its own promoter	This work
pIJ8660-PNepA-EGFP	pIJ8660 derivative carrying nepA-egfp. This construct is transcribed from its own promoter	This work














2.4 In vivo studies 
2.4.1 Protein overexpression and purification
2.4.1.2 Preparation of cell extracts from S.  coelicolor 
Surface-grown S. coelicolor M145 carrying different plasmid constructs were grown on cellophane-covered SFM medium.  The growth conditions and the antibiotics used to supplement the SFM medium depended on the plasmids used and are specified in the appropriate results sections. Spores were inoculated onto the surface of the cellophane membrane and they were incubated at 30 ºC for the appropriate time.  Cells were collected from cellophane surfaces into 300 µl of 20mM Tris, 10mM MgCl2 pH 8.0 buffer containing CompleteTM protease inhibitor [Roche, Basle, Switzerland] and were then sonicated for five cycles of 15 seconds with 1 minute rest intervals on ice.  Cell debris was removed after centrifugation at 16300 g for 10 minutes at 4 °C, and the protein concentration of the supernatant was determined with Bradford reagent [BioRAD, Munich, Germany] and then stored at - 4 oC.  The pellet was resuspended in 100 µl buffer containing 20mM Tris, 10mM MgCl2 and pH 8.0 and stored at - 4 oC.


2.4.1.3 Purification of His-NepA from S. coelicolor
5 x 107 spores  of S.coelicolor M145 carrying pCJW93-His-NepASP encoding an N-terminally His-tagged NepA without the signal peptide was grown for 24 hours at 30 ºC on cellophane covered SFM medium with apramycin (50 μg/ml).   Half of the samples were then induced by moving the cellophane membrane onto solid SFM medium supplemented with both apramycin and thiostrepton (50 µg/ml) and induction was carried out for 18 hours.  Samples were scraped off the cellophane and frozen in liquid nitrogen.  
Protein purification was carried out under native conditions.   400l lysis buffer: (50 mM NaH2PO4, 300 mM NaCl, 5 mM imidazole, pH 8.0) was added to a screw cap Eppendorf tube containing glass fast prep beads (Sigma < 150 µm).  The Eppendorf tubes were placed  in the Fast Prep Machine [MP Biomedicals FastPrep®-24] which lysed the cells at a speed setting of 6 for 30 seconds 5 times with 5 minutes rest between stages.  The samples were centrifuged at 16300 g at room temperature.  The supernatant was removed and spun for a further 20 minutes at 4 ºC.  The supernatant was then placed in a fresh tube and a further 100 l lysis buffer were added and mixed gently by flicking.  A Ni-NTA spin column [Ni-NTA spin kit QIAGEN, Crawley UK] was equilibrated with 600 µl lysis buffer and the cleared cell lysate was loaded onto the pre-equilibrated Ni-NTA spin column and centrifuged for 2 minutes at 650 g.  The flow-through was collected for electrophoresis.  The Ni-NTA spin column was then washed twice with 600 µl wash buffer; 50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0 by centrifugation for 2 minutes at  650 g.  The wash fractions were also kept for analysis by SDS-PAGE.  The protein was then eluted from the column using elution buffer: 50 mM NaH2PO4, 300 mM NaCl, 300 mM imidazole, pH 8.0
2.4.2  Desalting and buffer exchange
The protein eluted from the Ni-NTA column was dialysed twice for 5 hours in phosphate buffer: 50mM Na2HPO4, 50mM NaCl pH 8.0 at 4 o C.   The membrane used for the dialysis was Spectra/Por® Molecularporous membrane “3” tubing, with a  MWCO (Molecular Weight Cut Off) of 3500 Daltons [Spectrum laboratories inc, USA].
2.4.3. Protein concentration
Protein concentrations were measured using Bradford assay [BioRAD, Hemel Hempstead, UK] and the manufacturer’s protocol was followed.   OD​595 readings were taken on a SmartSpecTM Spectrophotometer [Bio-Rad, Munich, Germany]


2.4.4  General protein analysis
2.4.4.1 SDS Polyacrylamide gel electrophoresis of protein samples
The stacking and resolving gels of 15% polyacrylamide gels were made up as per the protocol (Sambrook, 2001).   All gels were run in an ATTO gel tank Model AE6450 [ATTO Corporation, Tokyo, Japan] at 150 V.   The running buffer was 1 x Tris-glycine SDS.   An appropriate volume SDS-PAGE loading buffer was added to samples and they were boiled for 10 minutes prior to loading onto the gel.  
2.4.4.2 Tricine sodium dodecyl sulfate-polyacrylamide gels
Tricine sodium dodecyl sulfate-polyacrylamide gels (Schagger and von Jagow, 1987) were used with protein samples collected from the strains overexpressing NepA.  The anode buffer was 1M Tris pH 8.9, the cathode buffer was 1M Tris, 1M Tricine and 1% SDS.   The gel buffer was 3M Tris pH 8.45 with 10% SDS.  The loading buffer is as in acrylamide 4 x loading buffer.  The acrylamide used in the Tricine gels was 40% solution from Bio-Rad.  The samples were sometimes not boiled prior to loading (boiled and unboiled sampled were trialled).  The gels were run at 4 ºC initially at 30V then increased to 180V for 2 hours.  The gels were fixed in 50% Methanol, 10% Acetic acid and 100mM ammonium acetate for 1 hour prior to Coomassie staining.
2.4.4.3  Coomassie staining
SDS-PAGE gels were washed briefly in water and stained with Coomassie blue for 20 minutes with gentle agitation.   They were then de-stained either by boiling in 800 ml of water for 2 x 10 minutes or by submerging gels in water overnight with agitation.
2.4.5 Western blotting
Western blots were performed using a semi-dry blotting system (Bio-Rad) and followed the manufacturer’s instructions.   The transfer was carried out using a carbonate transfer buffer solution pH 9.9.   Typically, blotting was performed with 11 x 7 cm gels at 10V for 1 hour.   Proteins were transferred onto a 0.4 μm pore size Hybond-P extra nylon membrane [Amersham Pharmacia Biotech].  The membranes were then blocked in TBS Tween 20, 0.1% (v/v) and 5% milk powder at 4 ºC overnight.  The mouse monoclonal primary IgG1 antibody, which has a high affinity for 6 x His tag was then added to the blocking solution and the membrane was probed with a 1:5,000 dilution of the penta-his horseradish peroxidise conjugate [QIAGEN, Crawley, UK] again overnight at 4 ºC. The QIAGEN system eliminates the necessity for a secondary antibody as the conjugate is coupled to a horseradish peroxidise which provides the facility for detection via chemiluminescence.  The membrane was washed three times in 1 x TBS 0.1% Tween 20 for an hour and detected using ECL Western blotting reagents according to the manufacturer’s instuctions with ECL developing solutions.  (0.44g luminal [Sigma-Aldrich, Dorset, UK] in 10ml DMSO and 0.15g coumaric acid in 10ml DMSO mixed in 0.1M TrisHCL pH 8.5 and 10ml TrisHCL containing 6µl 30% hydrogen peroxide).
Visualisation was by exposure of the probed membrane for 15 minutes to X-ray film [Fuji film Super RX NIF blue] which was then developed.
2.5 Imaging procedures
2.5.1 Detection of fluorescent proteins using a phosphorimager
The two strains containing translational fusions to nepA, M145 carrying pIJ8660-NepA-mCherry and pIJ8660-nepA-EGFP, were grown on cellophane covered SFM medium supplemented with apramycin (50 μg/ml) for 12- 60 hours.   Cells were collected and resuspended in 20mM TrisHCl  and MgCl2 10mM, pH 8.0 in a screw cap Eppendorf tube containing glass fast prep beads (Sigma < 150 µm).  In order to lyse the cells, the Eppendorf tubes were placed in a Fast Prep Machine [MP Biomedicals FastPrep®-24] for 6.5 m/s for 30 seconds 5 times with 5 minutes rest between stages.  The Eppendorf tubes were spun at room temperature for 30 seconds at 650 g to separate the glass beads.  The supernatant was carefully removed and spun at 16300 g at  – 4 ºC.  Both the supernatant and the pellet fractions were kept.  The supernatant was further fractionated by ultracentrifugation in an OptimaTM TLX ultracentrifuge [Beckman Coulter, High Wycombe, UK.] at 400,000 g for 1 hour to generate cytoplasmic (supernatant) and membrane (pellet) fractions.

Electrophoresis was carried out in 15% SDS polyacrylamide gels (Sambrook, 1989) at a voltage of 180V for 1 hour.  The gels were removed and washed in water before scanning using  a laser Molecular Imager FX [BioRAD, Munich, Germany] with an External Laser Molecular Imager [BioRAD, Munich, Germany] for excitation at 488nm for EGFP.   546nm is needed for the excitation of mCherry protein which does not require the laser

2.5.2 Confocal microscopy techniques
2.5.2.1 Transcriptional fusions
S. coelicolor strains containing the egfp reporter constructs were inoculated adjacent to sterilized microscope coverslips (22 x 22mm with a thickness of 0.16-0.19 mm) inserted at an angle of 60 degrees in SFM and MMM plates containing apramycin (50 μg/ml).  After sufficient growth was seen (2 to 4 days) the slides were carefully pulled from the plates and mounted on microscope slides using 8 μl of 20% glycerol.  The coverslip was sealed to the slide with nail varnish.

Fluorescence was monitored using a Leica TCS SP2 [Leica Microsytems CMA GmbH, Wetzlar, Germany] laser-scanning confocal microscope with a 63X, 1.4NA oil-immersion objective.  Image scanning was carried out with the 488nm laser line from the Ar/Kr laser.  The images were processed for displaying using Photoshop software [Adobe, Mountain View, California]. Microscopy work carried out by G. Kelemen.  
2.5.2.2 Translational fusions
A NepA-mCherry microscopy study was carried out as in 4.2.0 and stained using Fluo-WGA.  Spores of the NepA-mCherry strain were spread into confluent patches on SFM media with apramycin at 50μg/ml.  A glass coverslip was inserted at approximately 45 degrees to the media.  The plates were incubated at 30 º˚C for 2-4 days.  At chosen times coverslips were removed and stained for microscopic analysis.  Removed coverslips were fixed with 100% methanol for 1 minute.  Sterile H2O was used to wash the coverslips, followed by application of wheat germ agglutinin Alexa Fluor® [Invitrogen, Carlsbad, California] 488 conjugate (50μg/ml) and propidium iodide [Sigma, UK] (25μg/ml) to each coverslip on the growth line.  The samples were incubated for 30 minutes under dark conditions.   The dyes were then rinsed away with dH2O and the slips were mounted onto microscope slides.  Samples were then visualised by using an Axioplan 2 Imaging E (Carl Zeiss) Universal microscope with an AxioCamMR camera.  Using a Plan Apochromat 100x/1.40 Oil (440780) objective lens and Axiovision software.  Filters used were FS 38 GFP and FS 45 TxR

2.5.3 Wheat germ agglutinin staining
Spores of M145 carrying pIJ8660-PNepA-mCherry were spread into confluent patches on SFM media with apramycin at 50μg/ml.  A glass coverslip was inserted at approximately 45 degrees to the media.  The plates were incubated at 30º C for 2-4 days.  At chosen times coverslips were removed and stained for microscopic analysis.  Removed coverslips were fixed with 100% methanol for 1 minute.  Sterile H2O was used to wash the coverslips, followed by application of wheat germ agglutinin Alexa Fluor® [Invitrogen, Carlsbad, California] 488 conjugate (50μg/ml) and propidium iodide (25μg/ml) [Sigma, UK] to each coverslip on the growth line.  The samples were incubated for 30 minutes under dark conditions.   The dyes were then rinsed away with dH2O and the slips were mounted onto microscope slides.  Samples were then visualised by using an Axioplan 2 Imaging E (Carl Zeiss) Universal microscope with an An AxioCamMR camera.  Using a Plan Apochromat 100x/1.40 Oil (440780) objective.  Filters used were FS 38 GFP and FS 45 TxR.


2.6.1 Spore germination studies
Dilutions series of spores from S. coelicolor M145 and nepA strains were carried out to accurately determine the number of colony-forming units for each strain.  Then 1 x 107 spores were heat shocked for 10 minutes at 50oC then spread onto solid SFM medium covered with cellophane membrane.  1 cm squares of cellophane were cut and mounted onto microscope slides.  Germination was monitored using triplicate sampling after 3, 4, 5, 6, 7 and 8 hours incubation using microscopy studies of at least 100 spores at each time point using an Axioplan 2 Imaging E (Carl Zeiss) Universal microscope with an AxioCamMR camera.  Using a Plan Apochromat 100x/1.40 Oil (440780) objective.  Spores were considered to be germinating when one or more germ tubes were visible.  

2.7 Growth media and buffers used.
2.7.1 Media for the growth of E. coli 
Luria -Bertani Medium
To make LB media the final concentrations are: 1 % (w/v) tryptone, 0.5% (w/v) Yeast Extract, 1% (w/v) NaCl.  All components are mixed in deionisded water and autoclaved.  For LB agar 1.5% (w/v) Formedium (TM) micro agar made by Formedium Ltd, Norfolk was used.
2 YT
To make 2 YT media the final concentrations are: 1.6 % (w/v) tryptone, 1% (w/v) Yeast Extract, 0.5% NaCl.
2.7.2 Media for the growth of S. coelicolor
Soya Flour Mannitol (SFM) medium
To make SFM media the components are combined to give final concentrations of: 2 % (w/v) mannitol, 2% (w/v) soya flour, 2 % (w/v) agar in tap water which was autoclaved twice.
Soya Flour Glucose (SFG) medium
To make SFG media  the final concentration are 2% (w/v) soya flour, 2 % (w/v) agar which are mixed in tap water and autoclaved once after which the  1 % (w/v) glucose was added prior to  the second autoclave cycle.
2.9.3 Buffers used in DNA manipulations
Table 2.8 Buffers used in analysis of DNA
Buffer	Chemical components, all made up in distilled H2O
TAE	40mM Tris acetate, pH 7.8, 1mM EDTA
6  x agarose gel loading buffer	10 mM tris-HCl pH 7.6, 0.03 % bromophenol blue, 0.03 % xylene cyanol FF, 60 % glycerol, 60 mM EDTA


Table 2.9 Buffers used in protein experiments

Buffer	Chemical components, all made up in distilled water
6x loading dye solution	10 mM tris-HCl pH 7.6, 0.03 % bromophenol blue, 0.03 % xylene cyanol FF, 60 % glycerol, 60 mM EDTA
4 x SDS-PAGE loading buffer	200mM Tris-HCl pH 6.8, 8% SDS, 0.4% bromophenol blue, 40% glycerol, 400 mM β-mercaptoethanol
Tris-glycine running buffer	25mM Tris-HCl pH 8.3, 250mM glycine, 0.1% SDS
4x SDS-PAGE loading buffer	200 mM Tris-HCl pH 6.8, 8 % (w/v) SDS, 0.4 % (w/v) bromophenol blue, 40 % (w/v) glycerol, 400 mM β-mercaptoethanol
Coomassie blue	0.25 g Coomassie Brilliant Blue R-250, dissolved in 50% methanol and 10% glacial acetic acid
SDS-PAGE Coomassie de-staining solution	50 % methanol, 10 % glacial acetic acid
Carbonate transfer buffer	10mM NaHCO3 ; 3mM NaCO3  pH 9.9 (no methanol)
TBS	25mM Tris-HCl pH 7.4, 140 mM NaCl, 2.5 mM KCl










In silico is an idiom which applies to research carried out on a computer.  The actual expression “in silico” was invented in 1989 by Miramontes, a mathematician from Mexico who was presenting work on nucleic acids and used the phrase to describe the computer aided research component of his work (Miramontes, 1989).  
The term bioinformatics incorporates the mathematical and computing techniques needed to manage and interpret the wealth of new scientific knowledge in the field of molecular biology.  The main purpose of bioinformatics is to increase our understanding and management of the available information.  The application of information technology is essential to administer the creation and improvement of ever-expanding databases, algorithms, computational and statistical analyses to create some order in the field of rapidly expanding biological information.  Bioinformatics now encompasses the ability to search nucleotide sequences, protein structure alignments, positioning of genes and potential operons and insights into phylogenetics.  Further research achievements obtained gave rise to the necessity for a new set of words:  “omics” was the next suffix in use; transcriptomics looks at the levels of RNA expression in cells and proteomics considers proteins and whether or not they are modified after translation.
The need for in silico work arose from earlier painstaking and patient in vivo studies on genetics and also later in vivo work, which became possible after the emergence of recombinant DNA techniques.  The earliest in silico work in the field of S.  coelicolor research came from the sequencing of the bldA gene in 1987 (Lawlor et al., 1987).  Their sequencing method used a chemical degradation method employing gel electrophoresis (Maxam and Gilbert, 1980).  Methods for accurate dye-based DNA sequencing were developed in 1993 (Olsvik et al., 1993).  This faster technique led to an explosion of genomic information and the need for sophisticated databases where sequences could be compared.  A further milestone and illustration of the power and usefulness of  in silico analysis was apparent after the whiG gene was sequenced and found to encode a sigma factor from sequences already stored (Chater et al., 1989).  The quick result saved years of phenotypic in vivo work.  The first genome to be annotated was that of Haemophilus influenzae in 1995  ADDIN EN.CITE (Fleischmann et al., 1995).  The sequence was gained from a whole genome shotgun method and software was designed to annotate the genes, the transfer RNA and other features was used to initially predict the function of some genes.  The same system is in use today, the software for analysing the sequences is more sophisticated, coupled with in vivo findings feeds back into the databases allowing for faster assessment and understanding of further genomes.  The entire genome sequence of S.  coelicolor A3(2) was released in 2002  ADDIN EN.CITE (Bentley et al., 2002) and extended the knowledge on the previous research findings of the organism and allowed large-scale analysis of the transcriptome   ADDIN EN.CITE (Bucca et al., 2003; Huang et al., 2001)  and proteome  ADDIN EN.CITE (Hesketh et al., 2002; Novotna et al., 2003).  Its genome size of 8,667,507 bp was one of the largest of any bacterium sequenced at that time.  Bentley’s examination of the genomic data  ADDIN EN.CITE (Bentley et al., 2002) found 7825 predicted open reading frames; a predicted function has now been assigned to 5492 of these.  These functions have broad descriptions such as putative secreted proteins.  It is anticipated that about 965 (12.3%) proteins will have a regulatory function and 819 (10.5%) are secreted  ADDIN EN.CITE (Bentley et al., 2002).















The next step was a nepA-egfp transcriptional fusion construct which was introduced to S.  coelicolor M145 by conjugation and monitored by fluorescence microscopy during different developmental stages  ADDIN EN.CITE (Dalton et al., 2007).  Transcription of nepA was completely absent during vegetative growth and was found exclusively in a compartment which was adjacent to the spore chains and enclosed by the nearest septa at the boundary between the vegetative and aerial parts of the colony.  This compartment was named the subapical stem compartment.  (Figure 3.1)

3.2.1 Analysis of NepA using SIGNALP









The key on Figure 3.2 gives predictions for the C score, S score and Y score.  The C-score is the cleavage site score which is checked for each amino acid in the submitted sequence and the maximum given, the residue immediately following the maximum C-score is the first residue in the mature protein.  The maximum value for the C and Y values for NepA are given for position 36 in the amino acid sequence.  The Y-max value is a derivative of the C-score and the S-score.  The S-score is again the assessment of every residue to check the likelihood of the sequence being a signal peptide; the S-scores are higher in the N-terminal region and lower in the mature protein.  The combined C and S scores give a stronger prediction for the cleavage site.  The S-mean is the average of the S-score of the residues up to the highest Y-max score, this is therefore only assessing the signal peptide sequence and gives an indication of whether a protein is secretory or not.  The D-score is a simple average of the S-mean and Y-max scores and is a further discriminatory assessment of secretion.


 3.2.2 Signal peptide sequence



























The hydrophobic regions of Gram-positive bacteria are longer than that of Gram-negative or eukaryotic peptides (von Heijne and Abrahmsen, 1989).  These prokaryotic hydrophobic regions hold a large proportion of Leucines (L) and Alanines (A).  These amino acids are seen in the NepA sequence and describe the hydrophobic nature of the signal peptide region which has a tendency to form an α-helical conformation which has been found to aid secretion.  This theory was shown in studies of genetic mutations in the E. coli LamB protein which limited its secretion.  The mutations were predicted to be due to conformational changes in the helix (Silhavy et al., 1983).  Further analysis on the mutants and wild-type LamB protein by circular dichroism methods revealed the predicted conformational changes (Briggs and Gierasch, 1984).  The helical structure satisfies the requirement to produce a structure which internalises the hydrogen-bonds, leaving no external polar groups resulting in hydrophobic side chains which suit the membrane environment (Izard et al., 1995).
This theory was tested using the PSIPRED modelling website  ADDIN EN.CITE (Jones, 1999; McGuffin et al., 2000) (http://bioinf.cs.ucl.ac.uk/psipred) for NepA.  PSIPRED is a simple and reasonably accurate secondary structure prediction programme utilising two neural networks (Aydin et al., 2006).  The formation of the helix does not appear to completely depend on the hydrophobic nature of the proteins (Lei et al., 2009) but is in part due to internal hydrogen bonds (Nolting et al., 2008).  The fact that the hydrophobic amino acids would turn their relevant faces away from the aqueous environment would suggest that this aspect does play an important role in the formation of the helix (Chen et al., 2006).  The programme’s ability to predict the secondary structure is based on the position-specific scoring matrices produced by PSI-BLAST (Jones, 1999) which is an accumulation of data on known motif structures and pairwise alignments (Altschul et al., 1997).  The PSIPRED result shows a percentage of confidence of 70% for an α-helix in the n-terminal region for NepA containing 13 amino acids.  It is considered that this conformation may aid interaction of the signal sequence with the interior of the lipid bilayer of the cell membrane (Engelman and Steitz, 1981).  The central hydrophobic core is normally about 8 -12 amino acids long (Engelman and Steitz, 1981); in NepA the region extends to 8 amino acids and is composed of nonpolar residues (von Heijne, 1985).  The length of the hydrophobic region is optimized for the correct alpha helical formation needed and for the rapid processing of the signal region to the mature protein.  Mutations to a signal sequence of E.  coli alkaline phosphatase by the addition of additional leucine and serine residues slowed the processing of the signal peptide (Kendall et al., 1986).
The signal peptide sequence is recognized and cleaved by membrane associated proteases called signal peptide peptidases.  The ability of the peptidases to selectively recognize the cleavage site is probably due to the conformation of the fragment which involves a clustering of the polar leucine residues on one side of the membrane-spanning helix where an even distribution of the polar residue is separated along the length of the axis.  It was suggested that this conformation may a significant role in the recognition of the cleavage site (Izard et al., 1995).  In studies to extend the knowledge in this field, model sequences of E. coli alkaline phosphatase were constructed to examine the role of conformation, hydrophobicity and steric restrictions.  The results revealed that an earlier prediction from Chou Fasman analysis that a beta-turn was essential at the cleavage site actually disagreed with this earlier prediction as a beta-turn or alpha- helix conformation in the cleavage site worked equally well (Laforet and Kendall, 1991).  What was more significant was the finding that the placement of bulky residues at positions -1 and -3 upstream of the cleavage site prevented translocation into the periplasm (Laforet and Kendall, 1991).  It is known that the cleavage region is ideally six residues long with small side chain amino acids at the   -1 and -3 positions relative to the cleavage site (Izard and Kendall, 1994).   The side chains of alanine are small, partially hydrophobic and uncharged and the presence of the alanine residue has now been shown to be critical in correct cleavage  ADDIN EN.CITE (Lanigan-Gerdes et al., 2008).  The C-terminal or cleavage region is often about 6 amino acids long for signal peptides  ADDIN EN.CITE (Perlman and Halvorson, 1983; von Heijne, 1983).  Research has found that prokaryotic cleavage recognition sites have a larger number of acidic rather than basic residues which are normally present in eukaryotes (von Heijne, 1986).  

3.2.3  Transmembrane prediction  









3.2.4 Combined data on the signal peptide region of NepA 

































 3.2.5  Secretion pathways  







































The fact that only a single secretory pathway existed was questioned when a further pathway was isolated with significantly different properties which was able to export globular proteins.  The discovery of this export system was found in plant thylakoids in chloroplasts (Clark and Theg, 1997).  The genes that encoded the Tat pathway were discovered in 1977 (Settles et al., 1997) and were later verified and characterized  ADDIN EN.CITE (Sargent et al., 1998).  The excitement in the pathway stemmed from attempts to understand how proteins could be transported unfolded across the cytoplasmic membrane.  It was gleaned that proteins targeted by the Tat pathway are involved in respiration in electron-transfer chains, also in quorum sensing, cellular division and production of the cell envelope (Berks et al., 2005).  In bacteria the Tat system operates mainly to export proteins that bind a range of redox cofactors, such as FeS and molybdopterin centres to the cytoplasm  ADDIN EN.CITE (Berks, 1996; Santini et al., 1998).  The folding is necessary to acquire these cofactors and transport them across the cytoplasmic membrane to the extracellular environment where they are needed to aid amino acids in their catalytic activities for the generation of energy across the membrane.  If the Tat system were not present the bacteria would have to produce cofactor binding proteins in the extracellular environment.  In some cases this problem has been overcome by moving cofactor and binding proteins separately to the periplasm for c-type cytochromes (Berks, 1996).  However it has also been shown that for many types of cofactor-containing proteins the cofactor is inserted into the protein in the cytoplasm and exported by the apparatus which is now known as the Tat-dependent pathway  ADDIN EN.CITE (Berks, 1996; Santini et al., 1998; Sargent et al., 1998; Settles and Martienssen, 1998).






































Visual examination of the NepA sequence shows no common twin arginines which then suggests that the protein is exported by the Sec pathway.  Exportable proteins can be assessed online using the TATFIND programme (Karoonuthaisiri et al., 2005).  NepA was assessed using the TATFIND programme and was found  not to follow the predicted conformation for a Tat secreted protein.

3.2.6 The homologues to NepA in other streptomycetes

In searching for homologues to NepA it must be considered that there are several hundreds of species of streptomycetes listed in the Tree of Life project (Bisby, 2009).  The Tree of Life project is a collaborative web-based database to combine the data from over 10,000 World Wide Web pages to aid efficient communication and expansion of existing data.   The desire to gain further understanding of streptomycetes has led to a surge in sequencing entire Streptomyces genomes; many have been carried out at the Broad Institute in Massachusetts, USA (www.broadinstitute.org.).  There are over 550 species of streptomycetes currently recorded (Euzéby, 2008).  Although many genomes are sequenced, gene alignment programmes have gained more sequences to assess, not many life cycle details are known and structure and function comparisons amongst streptomycetes’ proteins are not yet possible.  Many genomes are not yet sequenced, and even if they are sequenced the results may not be annotated.  In searching for species of streptomycetes which initially appeared not to have NepA homologues, further examination revealed these sequences were only in draft format and had not been annotated.  Many more homologues to NepA will probably be found, three more have appeared since I started writing my thesis.  In checking the GOLD (Genomes OnLine Database) which is a comprehensive and up to date resource holding details of the current status of genome projects only a very few sequences are classified as completed and published, these are S. coelicolor,      S. scabies, S. avermitilis S. venezuelae and S. griseus subs griseus (Liolios et al.).  The low number listed could be due to sequences not yet submitted to the database, although all the species under analysis at the Broad Institute are listed as incomplete.  Many more species are yet to be discovered, sequenced and annotated but at the moment only 20 species out if the 550 listed holds a homologue to NepA with any significant similarity.  The protein is not found in other actinobacteria with any significant similarity. There is a however a specific case for  a spore related protein, SpoVS in B.  subtilis in the phylum Firmicutes (discussed in 3.2.7).

In searching for species of Streptomyces which do not hold NepA homologues a BLAST search was carried out using the amino acid sequence for NepA at NCBI (http://www.ncbi.nlm.nih.gov/BLAST) with an Expect value of 10 and the word size at 3.  Thirty four species were chosen for the search whose sequences appear at NCBI, these include   S.  achromogenes, S.  aureofaciens, S.  bikiensis, S.  clavuligerus, S.  exfoliates, S.  hygropiscus, S.  venezuelae to name a few well known species.  Interestingly a species in the S. griseus clade,      S.  nitrosporeus had a sequence for recombinase A of 150 residues which showed an Expect value of 0.036 and a 21% identity to NepA.  Also the recombinase A similarity appeared in a further species, S.  pulveraceus with an Expect value of 0.028 and a 21% identity over 150 residues.  The sequences for the recombinase was taken and a BLAST search was carried out against the S. coelicolor genome and a 98% identity for the recombinase from S. pulveraceus was found in the gene encoded by SCO5769 so I consider the identity to NepA not to be significant.  

It is interesting to consider a few basic facts and background to some of the more well known species of Streptomyces which also hold NepA homologues, depicted in Table 3.1

Table 3.1 Details of Streptomyces species containing known homologues to NepA
	Date of sequencing completion	Site of sequencing data 	Information on strain
Streptomyces sp.  Mg1	2009	The Broad Institute Genome Sequencing Platform, Broad Institute	Isolated from a glacier in Alaska
Streptomyces sp.  C                      	2009	The Broad Institute Genome Sequencing Platform, Broad Institute	Isolated from a Chinese soil sample
Streptomyces albus     J1074                 	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	Production of restriction enzymes
Streptomyces roseosporus NRRL 15998 	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	Isolated from Mount Ararat in Turkey, S. roseosporus produces the antibiotic daptomycin (Cubicin), which belongs to the newest class of antibiotics in clinical use.
Streptomyces flavogriseus ATCC 33331              	2009	US DOE Joint Genome Institute	Produces glucose isomerise which may be useful in converting starch to glucose on a commercial basis
Streptomyces ghanaensis ATCC 14672                	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	Produces moenomycin, an antibiotic that targets the transglycosylation step of bacterial cell wall biosynthesis.
Streptomyces griseoflavus Tu4000              	2009	The Broad Institute Genome Sequencing Platform, Broad Institute Microbial Sequencing Centre	Produces a peptide antibiotic called aborycin which is identical to an HIV protease inhibitor
Streptomyces griseus subs griseus	2008	Department of Biotechnology, Graduate School of Agriculture and Life Sciences, the University of Tokyo	Production of streptomycin, streptocin
Streptomyces viridochromogenesDSM 40736          	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	produces phosphinothricin
Streptomyces avermitilis   MA-4680             	2002	Kitasato Institute for Life Sciences, Kitasato University, Kanagawa 228-8555, Japan	Microrganism used for the production of avermectin which is an anti-parisitic drug
Streptomyces sp.  SPB74                  	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	Symbiont of a beetle
Streptomyces sp.  SPB78                  	2009	The Broad Institute Genome Sequencing Platform, Broad Institute	Symbiont of a beetle
Streptomyces scabies   87.22               	2005	Bentley S.D., Wellcome Trust Sanger  Institute, Pathogen Genomics, Wellcome Trust Genome Campus,   Hinxton, Cambridgeshire, UK 	Bacterial plant pathogen which produces potato scab
Streptomyces coelicolor  A3(2)               	2002	Bentley S.D., Wellcome Trust Sanger	Model organism for streptomycetes
Streptomyces lividans  TK24                 	2009	The Broad Institute Genome Sequencing Platform, Broad Institute	Often used as a host for gene cloning,  because this species recognizes a large number of promoters and appears to lack a restriction system
Streptomyces pristinaespiralisATCC 25486          	2008	The Broad Institute Genome Sequencing Platform, Broad Institute	Produces the pristinamycins, which are modified semisynthetically to form the antibacterial combination Synercid


A BLAST search analysis was carried out for NepA at the Broad Institute (http://www.broadinstitute.org/search/node/blast) using the entire 108 amino acid sequence.  The Institute was chosen for the BLAST analysis at this point as a direct comparison needed to be made for an accurate assessment of the homologues.  As all these species had been sequenced at the Institute all the Expect values would be comparable.  The threshold was set to 10 and the word size was 3, the E value limit was 1 e-03, the Matrix was BLOSUM62 (BLOcks of Amino Acid SUbstitution Matrix (Henikoff and Henikoff, 1992) The programme was automatically adjusted for short sequences.  The results of the BLAST search was collated and presented  in Table 3.2.  The hits with E values to 2e-11 are listed and percentage identities to NepA are given.  The locus tags are provided to allow identification of the sequences at the NCBI database and Broad Institute where available.  








Table 3.2  Streptomyces NepA homologues.  NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST) search was performed using full length NepA of            S.  coelicolor with the default parameters for the search of a threshold of 10 and word size 3.  The scoring matrix was he hits with E values to 2e-11 are listed and percentage identities to NepA are given.  The locus tags are provided to allow identification of the sequences at the NCBI database and Broad Institute where available.

		Locus tag	Max score	Query coverage %	E (values)
1	S.  coelicolor                 	SCO4002	202	100	1e-50
2	S.  ghanaensis                 	SSFG_03709	169	99	9e-41
3	S.  griseoflavus            	SSRG_03258	149	99	1e-34
4	S.sp e14	SSTG_02239	146	99	6e-34
5	S.  sp.  Mg 1	SSAG_03781	134	98	2e-30
6	S.  viridochromogenes          	SSQG_03808	132	100	9e-30
7	S.  scabiei                    	SCAB_47041	111	99	3e-23
8	S.  sp.  C                      	SSNG_03631	111	99	3e-23
9	S.  albus                      	SSHG_03041	106	99	8e-22
10	S.  albus                      	SalbJ_010100015691	106	99	8e-22
11	S.  sp ACT-1	SACT1DRAFT_1414	105	99	8e-22
12	S.  pristinaespiralis          	SSDG_00515	102	100	2e-21
13	S.  flavogriseus               	SflaDRAFT_0789	101	99	3e-20
14	S.  sp.  SPB78                  	SSLG_03194	100	99	5e-20
15	S.  griseus subs griseus	SGR_3609	86.3	74	9e-16
16	S.  sp.  SPB74                  	SSBG_04815	83.6	99	6e-15
17	S.  roseosporus                	SSGG_03456	82.8	100	1e-14
18	S.  sp.  ACTE	SrosN15_010100017374	80.1	99	6e-14
19	S.  sp.  C	StreC_010100026027	75.1	98	2e-12
20	S.  avermitilis                	SAV_4213	72.4	50	2e-11





S.coelicolor(A3)2                            -----------------------MASIRTARVVAAVA 14                    S.sp.  e14                                         -----------------MASIRTVRLLAAVT 14
S.sp.  SPB78                     -----------------------------------MASIRTARTLAAVA 14
S.sp.  SPB74                     -----------------------------------MARIRTARTLAAVA 14
S.ghanaensis ATCC 14672         ------------------------------------MASIRTARVIAAVS 14
S.griseoflavus Tu4000           ------------------------------------MASIRTARVIAAVS 14
S.viridochromogenes 40736       ------------------------------------MASIRTARVIAAVS 14
S.avermitilis MA-4680           ------------------------------------MASIRTARVLAAVA 14
S.scabiei 87.22                 ----------------------------------MHMASIRTARVLAAVS 16
S.albus J1074                   MGLGNSDPAIAAHPGGRPTARCDKALTGSARAMEEHMASIRTARVLAAVA 50
S.albus_J1074                   ------------------------------------MASIRTARVLAAVA 14
S.sp.ACT-1                      ------------------------------------MASIRTARALAAVA 14
S.griseus subsp.griseus NBRC    --------------------------------------------------
S.roseosporus NRRL 15998        ------------------------------------MASIRTARALAAVA 14
S.flavogriseus ATCC 33331       ------------------------------------MATIRTARALAAVA 14
S.  sp.  ACTE                     ----------------------------------MANTRTARALAAVA 14
S.pristinaespiralis ATCC 2548   ------------------------------------MASIRSARVLATAA 14
S.sp.Mg1                        ------------------------------------MASIRTARVVAVIA 14
S.sp.C                          ------------------------------------MASIRTARVIAAVA 14
S.sp.C                          ------------------------------------MAGIRSIRVMAALA 14
                                                                                      

S.coelicolor (A3)2              ALPLAAALLGGVATADNGA-FADDGSNATAASASAGIIGSGVGDDNNGNS 63
S.sp.  e14                      ALPLAAALFTGVAAADNGA-FADNGSNAGAAS----VAGSGVGRDNAGNS 59
S.sp.SPB78                      ALPLAAALFTGVAQADNGA-VAGNGSNAAVSTNG----ASGVGGDNFGDS 59
S.sp.SPB74                      ALPLAAALFTGVAQADNGA-VAGNGANAAVSTND----ASGVGGDNFGNS 59
S.ghanaensis ATCC 14672         ALPLAAALFTGVAAADNGA-LADDGSNATATGADAGVLGSGVGGDNSGNS 63
S.griseoflavus Tu4000           ALPLAAALFTGVAAADNGA-LADDGGSATVTTAQADALGTGVGGDNFGNS 63
S.viridochromogenes 40736       ALPLAAALFTGVATADNGA-IADNGSIASVTEAESGVLGSGVGGDNFGTV 63
S.avermitilis MA-4680           ALPLAAALFTGVAAADN------------------------------GNS 34
S.scabiei 87.22                 AIPLAAALFAGVAAADNGS-FADNGSNAGVAN----LVGSGVGRDNSGNS 61
S.albus J1074                   ALPLAAALCAGVAVADNGS-FANDGSNAAVATVS----GSGVGDDNSGNS 95
S.albus J1074                   ALPLAAALCAGVAVADNGS-FANDGSNAAVATVS----GSGVGDDNSGNS 59
S.sp.ACT-1                      ALPLTVALCGGVAMADNGS-FANDGSNAAVATAG----GSGVGGNNAGNA 59
S.griseus subsp.griseus NBRC    -------------MADNGS-FANDGSNAAVATAG----GSGVGGNNAGNA 32
S.roseosporus NRRL15998         ALPLAVALCGGVAVADNGS-FANDGSNAAVATIG----GSGVGGNNSGNS 59
S.flavogriseus ATCC 33331       ALPLAAALFGGVAAADNGA-FASDGSNAGVATIG----SGGVGGDNTGNS 59
S.sp.ACTE                       ALPLAAALFGGVAVADNGS-FANDGSNAAVATIG----SGGVGGNNSGNS 59
S.pristinaespiralis ATCC 2548   ALPLTVALLGGVAQADNGG-FGDDGSNVSVATVT----GSGVGGAGFGDS 59
S.sp.Mg1                        SLPLALAVFGGVASADNGA-LANDGSNASVAGIL----GSGVGGDNNGNS 59
S.sp.C1                         SLPLAVAVFGGVAAADNGS-FANDGSNASVASII----GSGVGGSSSGNS 59
S.sp.C                          SLPLAAALFTGTAQADNGAGAAGTASNAALAGIL----GSGVGGSNLGNS 60
                                               ***                              *  
 
S.coelicolor(A3)2                  STTQQQAVGSGASNQSNTAQVDGSAFTSINQGNDNVAVTFSPLWW- 108
S.sp.e14                           STAQQQAVGTGASNQSNSAQVDGSAFTGVQQGNRNLAVHFTPLW-- 103
S.sp.SPB78                         STTQQQAVGAGTSNQSNTAQVEGSAFTAIDQHNVNLAVDHTDLW-- 103
S.sp.SPB74                         SSTQQQAVGAGASNQSNTAQVEGSAFTAVDQHNFNLDIDYTDLW-- 103
S.ghanaensis ATCC 14672            ATTQQQAIGSGAANQSNTAQVDGSAFTAVNQGNDNVAISFSPLW-- 107
S.griseoflavus Tu4000              ATSQQQANGPGATNQSNSAQVNGSAFTAVNQGNDNVAISFSPLW-- 107
S.viridochromogenes 40736          ATTNQQAVGEGASNQSNTAQVNGSEFAAVYQGNDNTAVNFTPLWW- 108
S.avermitilis MA-4680              AITYQQAVGFGASNQSNTAQVNGSPFTTINQKNENVAVNFGNLW-- 78
S.scabiei 87.22                    STSQQQAIGSGASNQNNTAQVNGFGLTAIDQ--KNAVVNFADLW-- 103
S.albus J1074                      ATTQQQAVGSGASNENNSAQVSDSAFTSIDQSDKSVWVSFSRLW-- 139
S.albus J1074                      ATTQQQAVGSGASNENNSAQVSDSAFTSIDQSDKSVWVSFSRLW-- 103
S.sp.  ACT-1                       STTQQQAVGAGASNQNTSAQVSNSAFVPIDQSDHSVAVNFTPFFW- 104
S.griseus subsp.griseus NBRC       STTQQQAVGAGASNQNTSAQVSNSAFVPIDQSDHSVAVNFTPFFW- 77
S.roseosporus NRRL 15998           STTQQQAVGAGASNQNTSAQVSNSAFVPIDQSDHSVAVNFTPFFW- 104
S.flavogriseus ATCC 33331          STSQQQAVGAGASNHSNTVQVSQSPFAYIDQSTYNVYVIFSPLWVN 105
S.sp.  ACTE                        STSLQQATGDGASNHSNAAQVNGSAFTSIDQSTDIVAVYFSPLW-- 103
S.pristinaespiralis ATCC 2548      STTQQVATGEGVSNQSNTAGSSGLGFTAVDQ--DTVTVNFSPLW-- 101
S.sp.Mg1                           ATSQQVATGSGASNQSNTAQVNGSASTALSQESQNIAVNFLPLP-- 103
S.sp.C1                            STSQQVATGSGASNQNNTAQVNGSAYTAIHQANSNVAVNFFPWW-- 103
S.sp.C                             STAQQVASGFGASNQNNGAQANGSGFTAVGQSNNHDSLIYNPVP-- 104
                                   : : * * * *.:*...  .   .     .  : *      : .  





Previous analysis had described a high consensus after the predicted cleavage site for S. coelicolor and S. scabies  ADDIN EN.CITE (Dalton et al., 2007). In analysing the alignment in Figure 3.10 there appears to be some consensus amongst several streptmyces species. This statement is supported in the data presented in Figure 3.11 where from amino acid residue 32 (A) to 35(G) there is a repeated sequence of ADNG except for the absence of the final G in S. avermitilis which is lacking the central part of the predicted mature protein sequence.  The data in Figure 3.11 also shows some consensus for the region between amino acid residue 65 (G) to 98 (Q) which contains amino acids which are hydroxyl, amine and basic groups.

Interestingly the sequence for S.  avermitilis is the only streptomycete sequence currently found which lacks part of the central region of the protein, hence its lower E value (data in Table 3.2.) Also noteworthy is the lack of a signal sequence in S. griseus subsp.griseus which has now been shown to be an annotation error. The sequence for S.  albus also shows some variation to the homologues of NepA.  When carrying out BLAST search analysis for NepA homologues there are two sequences which show homology to NepA; one is from the sequence data at the Broad Institute with the locus tag SSHG_03041 (www.broadinstitute.org)  the other is with a locus tag of SalbJ_010100015691.  They both have Expect values of 8e-22 and my prediction is that they will be annotated as the same sequence when the shotgun sequencing project is completed. Further assessment of the homologues of NepA was made in Jalview to determine their percentage identity  ADDIN EN.CITE (Clamp et al., 2004; Waterhouse et al., 2009).  Jalview is a software package which allows easy manipulation of sequences, the consensus of amino acids can be visualised by the application of a range of colour codes given in the package; hydrophobicity, charge, helix propensity to list a few options.  The alignment was carried out at ClustalW (Thompson et al., 2002) and formatted with Jalview (Figure 3.11).  






   


3.2.6.1 How closely related are the NepA homologues?












A phylogenetic analysis was performed using the neighbour-joining method (Figure 3.12).   The evolutionary history inferred was found using the Neighbor-Joining method (Saitou & Nei, 1987).  The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.  The scale bar relates to the amino acid changes with time.  The evolutionary distances were computed using the Poisson correction method (Zuckerlandl, 1965) and are in the units of the number of amino acid substitutions per site  (Figure 3.12).

The tree shows that in assessing the NepA protein sequences S. coelicolor and S. lividans are very closely related.  The next branch of closely related species contains the species                   S. flavogriseus, S. albus and S. roseoporus.  The most divergent species to S. coelicolor is          S. prisitinaepiralis.  In terms of branch lengths and relatedness the Streptomyces species are obviously all reasonably closely related.
 
In order to improve the assessment of the relationships between the streptomycetes carrying homologues to NepA the 16S rRNA sequences were compared as it is recognised that the 16S rRNA sequences are highly conserved amongst bacteria and so can be used in phylogenetic studies  ADDIN EN.CITE (Wang et al., 2007; Weisburg et al., 1991). The 16S rRNAs sequences were obtained from the Ribosomal Database Project (http://rdp.cme.msu.edu/)  (Cole et al., 2009) and analysed in MEGA (A Phylogenetic and molecular evolutionary analytical programme MEGA version 4 (Tamura et al., 2007). The DNA weight matrix used was CLUSTALW (Thompson et al., 2002) for the pairwise and multiple alignments. The data is presented in Figure 3.13





Figure 3.13 Evolutionary relationships of 19 taxa 16s RNA data for streptomycetes species including those which do not hold a NepA homologue







3.2.7 NepA homologues  
After ascertaining that NepA is very likely to be a secreted protein transported by the Sec-dependent pathway I now turn my attention to the homologues of NepA in other organisms.  nepA of S.  coelicolor encodes a putative secreted protein of 108 amino acids.  The full length NepA amino acid sequence was used as a query in a PSI-BLAST (Altschul et al., 1997) search (http://www.ncbi.nlm.nih.gov/PSI-BLAST) at the NCBI website and an extensive search for genes encoding proteins homologous to NepA was carried out using repeated iterations of PSI-BLAST.   The number of iterations was set to 5 and the E-value threshold for the inclusion in the profile set to 10.  The first iteration against a non-redundant database (NRDB) revealed 20 homologues in streptomycetes to an Expect value of 2e-11 in S. avermitilis.  The second PSI-BLAST iteration revealed a 38/92 (41%) similarity to a glucosyltransferase (GTF-I) from Streptococcus sobrinus of 1590 aa with an Expect value of 3e-1  The region which shows the strongest consensus is in the first 30 residues of NepA,  which is the signal peptide.  However, analysing the alignments of the putative core regions there are 13 positive alignments of the NepA sequence against GTF-I over 100 residues which gives a 13% identity over this region.  As the GFT-I sequence is considerably larger than the NepA sequence then this result may not be meaningful.   GTF-I belongs to the glycosyl hydrolase 70 family and is known to be involved in the synthesis of water-insoluble glucans (alpha 1,3-linked glucose and some 1,6 linkages) (Ferretti et al., 1987).  Glycosylation reactions are essential in the bioactivities of secondary metabolite production, such as antibiotics (Liang and Qiao, 2007).  The role of glucosyltransferase is also known to involve  catalysing the transfer of glucose from UDP-glucose (uridine diphosphate glucose) to precursors lacking glucose (Li et al.).  Repeating the PSI-BLAST iterative search 5 times revealed that no new sequences were found above the cut-off 0.005 threshold chosen.

A second PSI-BLAST search was carried out with the predicted signal peptide sequence removed from the protein sequence.  The first iterative search against the NRDB revealed 20 homologues in streptomycetes with Expect values ranging from 2e-31 for S. coelicolor to 1e-05 for S.  pristinaespiralis ATCC 25486.   Also with an E value 8.6 and a 31/61 (50%) identity to the truncated NepA protein sequence showed a similarity to a putative sodium-driven chloride bicarbonate exchanger from Pediculus humanus corporis (the human body louse) which has a sequence of 1164 aa.  As the Expect value is 8.6 and the amino acid sequences vary considerably in length this result in unlikely to be meaningful.

Based on our analysis above, the NepA protein appears to be unique to Streptomyces species and only present in a small percentage of strains whose sequences are known.  However some homology to a spore related protein, SpoVS from Bacillus subtilis at  Bio Info Bank MetaServer (http://meta.bioinfo.pl/submit_wizard.pl; (Ginalski et al., 2003) was found.  A targeted BLAST search was carried out using the NepA sequence against the B. subtilis genome at ncbi.nlm.nih.gov/sites/genome.  With an Expect value of 10 and a word size of 3, using a conditional compositional score with matrix adjustment, a 13/29 (44%) identity to SpoVS was found for core NepA or 31% over the full sequence of 108 amino acids.  The SpoVS protein is a regulator required for dehydratation of the spore core and assembly of the coat B.  subtilis stage V sporulation, (Resnekov et al., 1995).  

Alignment programmes use simple algorithmic rules.  For a set of sequences they try to find an alignment which coincides with an objective function.  The outcome of a BLAST analysis should provide useful, biologically meaningful results.  However, at times the user can usefully provide sequences to align as they have predicted a biological link which the mathematical algorithms cannot find.  Defining what constitutes a reasonable identity is a subjective parameter depending on established levels of tolerance.  However, at times some degree of common sense can be useful in monitoring a possible consensus.  Such was the case for assessing the possible similarity to the spore related protein, SpoVS.  The reason why a 31% identity in 108 amino acids may represent a reasonable match is purely out of interest to this particular spore-related protein.  The reason for the interest stems from a result suggested that NepA may have some spore related function (de Jong et al., 2009).  When the Metablast produced a 31% similarity between NepA and SpoVS it provided a route for potential further study.
In B. subtilis the SpoVS protein hinders sporulation at a specific stage of spore development and this inhibitory effect is overcome by SpoIIB and SpoVG.  SpoVS potentially has a positive role in allowing development beyond stage V of sporulation.  Null mutations in the SpoVS gene block sporulation at stage V, impairing the development of heat resistance and coat assembly (Resnekov et al., 1995).  The developmental stages of spore formation are basically: Stage 0 when structural changes occur to the DNA and sporulation genes are activated; Stage II includes the formation of a sporulation septum and the synthesis of a prespore; Stage III includes engulfment of the DNA and forespore formation, at this time the spore has now achieved a separate identity: Stage IV sees the formation of the spore cortex and finally Stage V is the achievement of a mature endospore when the spore wall is dehydrated (Resnekov et al., 1995).  It is known that there are over 15 genes involved in the sporulation events in S.  coelicolor (Chater, 2001).

            In order to make an assessment of the similarity between NepA and SpoVS the amino acid sequences for three SpoVS family members, B.  subtilis P45693, Clostridium acetobutylicum Q97I37 and Q97IA2 and  Thermus thermophilus, Q5SK02 were taken from NCBI (http://www.ncbi.nlm.nih.gov/BLAST)  and aligned at ClustalW  Figure 3.14.   The sequence for SpoVS from B.  subtilis was searched against the NRDB at BLAST (NCBI.) and 2 sequences to an Expect value of 2e-38 were chosen for alignment at ClustalW (Thompson, 1994).  

 
  SP5S_BACSU         -------------------------ERGAAEIQAIGAGALNQAVKAVAIARGFVAPSGVD 35
  Q97I37_CLOAB       -------------------------ERGAAEIQAIGAGAINQAIKAIAIARGFVAPSGID 35
  Q97IA2_CLOAB       --------------------------SNSAEVQAVGAGAINQAVKAIAITRGFVAPNGID 34
  Q5SK02_THET8       -----------------------LRTKGEVEVQAIGPQAVNQAVKAIAIARGYIAPDNLD 37
                                              .  .*:**:*.  *:***:**:**:**::**..:*

  SP5S_BACSU               LICIPAFTDIQIDGEERTAIKLIVEPR---- 62
  Q97I37_CLOAB             LVCIPAFTDIDIDGEERTAIKLIVQPR---- 62
  Q97IA2_CLOAB             LVVVPAFAEISIEGEDRTAIKFIVESR---- 61
  Q5SK02_THET8             LVVKPAFVKLELENEERTALKFSIKAHPLET 68





            
             The core sequences for the homologues to NepA from S.  coelicolor, S.  ghanaensis   (SSFG)   S. avermitilis (SAV) and S.  scabies (SCAB) were aligned against the SpoVS homologues (Figure 3.15).     

 
  SCO4002           -------------------DNGAFADDGSNATAASASAGIIGSGVGDDNNGNSSTTQQQA 41
  SSFG_03709        ---------------------GALADDGSNATATGADAGVLGSGVGGDNSGNSATTQQQA 39
  SAV_4213          --------------------------------------------------GNSAITYQQA 10
  SCAB47041         ---------------------GSFADNGSNAGVAN----LVGSGVGRDNSGNSSTSQQQA 35
  SP5S_BACSU        ---------------------------------------------------ERGAAEIQA 24
  Q97I37_CLOAB      ---------------------------------------------------ERGAAEIQA 24
  Q97IA2_CLOAB      ----------------------------------------------------SNSAEVQA 25
  Q5SK02_THET8      -------------------------------------------------LRTKGEVEVQA 22
                                                                              **     


  SCO4002           VGSGASNQSNTAQVDGSAFTSINQGNDNVAVTFSPLWW 79
  SSFG_03709        IGSGAANQSNTAQVDGSAFTAVNQGNDNVAISFSPLW- 76
  SAV_4213          VGFGASNQSNTAQVNGSPFTTINQKNENVAVNFGNLW- 47
  SCAB47041         IGSGASNQNNTAQVNGFGLTAIDQKN--AVVNFADLW- 70
  SP5S_BACSU        IGAGALNQAVKAVAIARGFVAPSGVDLICIPAFTDIQIDGEERTAIKLIVEPR 62
  Q97I37_CLOAB      IGAGAINQAIKAIAIARGFVAPSGIDLVCIPAFTDIDIDGEERTAIKLIVQPR 62
  Q97IA2_CLOAB      VGAGAINQAVKAIAITRGFVAPNGIDLVVVPAFAEISIEGEDRTAIKFIVESR 61
  Q5SK02_THET8           IGPQAVNQAVKAIAIARGYIAPDNLDLVVKPAFVKLELENEERTALKFSIKAHPLET  68







The alignment of NepA and SpoVS proteins was carried out at ClustalW (http://www.ebi.ac.uk/Tools/clustalw) and the parameters were adjusted to deal with the short sequences by changing the word size of 2 and the threshold was increased to 30000.  The SpoVS sequence does not have the hydrophobic signal peptide region as it is not a secreted protein.  SpoVS is synthesised in the mother cell and it affects the formation of the spore coat.  However, as the spores of B.  subtilis develop inside the mother cell SpoVS does not have to be secreted in order to affect spore coat synthesis (Hilbert and Piggot, 2004).   The alignment of NepA homologues against SpoVS proteins shows a consensus for certain residues, particularly for the NepA sequence around the QAVGSGASNQSNTA.    As a percentage similarity 8/79 which is only 10% overall.  The residues in this 14 amino acid sequence have neutral side chains and several are small; alanine, glycine and serine.  The repeating glutamines are polar.  The tenuous  link between SpoVS and NepA is putative, but as no indisputable role has yet been determined for NepA  the possibility that NepA has a relationship to spore-related proteins is an avenue for further research, particularly in the light of the findings from the group in the Netherlands  (de Jong et al., 2009).

            The NepA sequence is only 108 amino acids long so 3D protein structure predicting programmes cannot compute a model for interest purposes.  The crystal structure for a SpoVS protein has been found using X-ray crystallography from T. thermophilus which is a close homologue of B. subtilis SpoVS.  (57% identity and E value of 2e-25) as this is the only SpoVS protein which currently has a crystal structure at this time I have used this data (Rehse P.H unpublished data).  (Figure 3.16)












The residues which form the helix in the SpoVS protein are PNSVAGALAGVLRE, followed by AAEIQAI for the β strand and then AGALBQAVKAVAIARGFV for the second helix Figure 3.17A and 3.17B.   For NepA the helix is formed from the residues STTQQQA followed by  TSIN and NVAVT for the β-sheets Figure 3.17 B.   The proteins have similar structures in terms of a helix and two β-sheets.  The residues where consensus exists between the proteins falls into the regions having similar predicted secondary structures.  Comparing the alignment carried out in ClustalW (www.ebi.ac.uk/clustalw) Figure 3.14 with the secondary structure prediction given from analysis at PSIPRED modelling website  ADDIN EN.CITE (Jones, 1999; McGuffin et al., 2000) Figure 3.17 (http://bioinf.cs.ucl.ac.uk/PSIPRED).   The secondary structure prediction between NepA and SpoVS show similarities in terms of the regions which form α helices and β sheets form. 
The sequences are aligned with the yellow and green representation for strand and helix respectively for the PSI-Pred prediction in Figure 3.17 in Figure 3.18 to show the alignment of the sequences.

   

   SCO4002             GIIGSGVGDDNNGNSSTTQQQAVGSGASNQSNTAQVDGSAFTSINQGND- 97
   SSFG_03709          GVLGSGVGGDNSGNSATTQQQAIGSGAANQSNTAQVDGSAFTAVNQGND- 97
   SAV_4213            ------------GNSAITYQQAVGFGASNQSNTAQVNGSPFTTINQKNE- 68
   SCAB47041           -LVGSGVGRDNSGNSSTSQQQAIGSGASNQNNTAQVNGFGLTAIDQK--- 93
   SP5S_BACSU          ----------AGALNQAVKAVAIARGFVAPSGVDLICIPAFTDIQIDGEE 75
   Q97I37_CLOAB        ----------AGAINQAIKAIAIARGFVAPSGIDLVCIPAFTDIDIDGEE 75
   Q97IA2_CLOAB        ----------AGAINQAVKAIAITRGFVAPNGIDLVVVPAFAEISIEGED 75
   Q5SK02_THET8        ----------PQAVNQAVKAIAIARGYIAPDNLDLVVKPAFVKLELENEE 75
                                   .  .       *:  *    ..    :    :.  :.      

   SCO4002             NVAVTFSPLWW---- 108
   SSFG_03709          NVAISFSPLW----- 107
   SAV_4213            NVAVNFGNLW----- 78
   SCAB47041           NAVVNFADLW----- 103
   SP5S_BACSU          RTAIKLIVEPR---- 86
   Q97I37_CLOAB        RTAIKLIVQPR---- 86
   Q97IA2_CLOAB        RTAIKFIVESR---- 86
   Q5SK02_THET8        RTALKFSIKAHPLET 90







3.3 SigN dependency for NepA and homologues 

There is a potential link between SigN and NepA as it is known that nepA is SigN dependent as nepA transcription was absent in a sigN mutant  ADDIN EN.CITE (Dalton et al., 2007).  SigN (SCO4034) is an RNA polymerase sigma factor involved in differentiation, secondary metabolites and stress responses (Wang et al., 2010).  The mutant sigN strain showed defects in sporulation and delayed development  ADDIN EN.CITE (Dalton et al., 2007) (Wang et al., 2010).  Also the mutant strain caused growth retardation under all stress conditions examined including heat, cold, acid, oxidation, salt and ethanol (Wang et al., 2010).    
 sigN has two promoters, sigNP1 and sigNP2.  S1 nuclease assays showed that sigNP1 was active at the time when aerial hyphae developed  ADDIN EN.CITE (Dalton et al., 2007) and lacked activity in bld mutants suggesting that the activity of sigNP1 was restricted to the aerial hyphae.  This promoter was also dependent on SigN itself, thus it was autoregulatory.  The fact that the two promoters, SigNP1 and PnepA show some identity (6/10) which leads to prediction that they may share transcriptional mechanisms, potentially that SigN controls nepA transcription.  (Figure 3.19)

  sigNP1 S.co.         GCGTTTGCCGGGGCTTCGGCTCCGGTATTCAGGTGAA
 sigNP1 S.av.         GCGTTTGCCGCGGCCTCGCCTCCGGTATTCAGGTGGA
 sigNP1 S.sc          GCGTTTGCCGTGGCCTCGCCGCCGGTATTCAGGTGGA                                 
 SigB dependent         GGTT   12 -15 nt    GGGTAT
 nepA S.co         GGGGTGGTTCGCCGGGG.ATTCGGTGGGCAACTCTGATCACG
 nepA S.av         GGGGTGGTTCGCGGGAG.ATTCGGTGGGCAACTCTTGATTCG














An in vitro run-off transcription analysis using purified SigN on the B.  subtilis ctc promoter confirmed that SigN was an RNA polymerase sigma factor but failed to initiate transcription from sigNP1 and from the nepA promoter.  On assessing the in vivo information it suggested that a sequences further upstream from the promoter sequence are required for binding a potential activator for transcription to occur  ADDIN EN.CITE (Dalton et al., 2007).  The upstream sequence for the activator binding site is at least 126 bp upstream from the transcription start point for nepA as determined by transcriptional studies using varying promoter lengths in egfp transcriptional fusions  ADDIN EN.CITE (Dalton et al., 2007).






    
 
    SCO4002         ---AAAGGGGTTTATCGACTTGTCCTCACGCTTGAGGGCGAATCAGGGCTTCCGGGGTGG 200
    SAV_4213        ACGAAAGGGGTTTATCGACATGTCCTCACGCTTGAGGGCGAATCACGGCTTCCGGGGTGG 205
    SCAB47041       TCCAAGGGGGTTTATCGACTTGTCCTCACGCTTCAGGGGGAATGAGGGCTTCCGGGGTGG 238
    SGR_3609        -----GGATGTTTATCCGCTCGTCGTCATACCTGAGGGGGAACGGGGGGTGG-GGAGGGG 145
                          *  *******  *  *** ***  * * **** ***    ** *   ** * **

    SCO4002         TTCGCCGGGGATTCGGTGGGCAACTCTGATCACGCGACGTCGTGCCACAGCGTCGAGGCG 260
    SAV_4213        TTCGCGGGAGATTCGGTGGGCAACTCTTGATTCGCGACGTCGTGC-ACAGC-CCGAGGCG 263
    SCAB47041       TTCGCCTGGG-TTCGGTGGGCAACTCTGGAGGTGCGACGTCGAAGACCAGCACCGAGGCG 297
    SGR_3609        TTCTCCGGGGGAGCGCTGGGCAACTCTGGTCTCGCGACGTCGTGA-ACAGCACCGGGGCG 204
                    *** *  * *   ** ***********      *********     ****  ** ****

    SCO4002         GTTGGCCAACTGCCTTGACATAAGACCTAGTTCA---CTTACTTCT-CGCGTTGTCGGCT 316
    SAV_4213        GTCGGCCAACTGCCCTGGATCAAGCCGTACTTCA---TGTACGTCC-CG-GTCGGAAGCC 318
    SCAB47041       GTCGGCCAACTGCCCCGGGGCAACCCGTACTTGT---GTGAAAGGC-CCTGGAGGAAATG 353
    SGR_3609        GTCGGCCAACTCCCCCGGGATCAAACGAACATGAAGCCGTAATTCCGTTTCCTGGAGGAC 264
                    ** ******** **  *     *  *  *  *        *            *      
  
    SCO4002         GGAAGCCGGTGCGCACTTGTTCTGGAGGAACAACATG----------------------- 353
    SAV_4213        GG--GCCCGTACGCACTGGTTCTGGAGGAAAGACATG----------------------- 353
    SCAB47041       ------------------------------------------------------------
    SGR_3609        CTGACATGGCAAGTATCCGTACCGCTCGCGCCCTCGCCGCTGTCGCCGCCCTGCCCCTGA 324
                                                                            

    SCO4002         -----------------------------
    SAV_4213        -----------------------------
    SCAB47041       -----------------------------























3.4 Orthology of neighbouring genes
It is interesting to note the orthology of neighbouring genes in the organisms carrying homologous genes to nepA.  The variation in gene synteny could give an indication of the need for the gene encoded by nepA in other Streptomyces species.   
The original sequences of the homologues of NepA in section 3.2.6 were carried out using BLAST analysis at (http://www.ncbi.nlm.nih.gov/BLAST) and PSI-BLAST searches were carried out at the National Center for Biotechnology Information (NCBI) site (http://www.ncbi.nlm.nih.gov.).  However, in order to accurately determine any conservation of sequences for neighbouring genes we needed sequence information of completely annotated genomes.  For this reason the search for gene synteny was limited to the 17 completed sequences at the Broad Institute.  The sequences for the assessment of conservation in S.  coelicolor were taken from http://strepdb.streptomcyes.org.uk.  The amino acid sequences were analysed for homology at the Broad Institute BLAST facility at  http://www.broadinstitute.org/annotation/genome/streptomyces_group.  The parameters for the BLAST were a hit va1ue of 1e-3 and a BLOSUM62 matrix (BLOcks of Amino Acid SUbstitution Matrix (Henikoff and Henikoff, 1992).  

The locus tags for the sequences found are listed in table 3.4 and 3.5 as given at the Broad Institute.  The sequences found for the potential homologues to genes surrounding nepA were checked by back sequence checks at NCBI for S. coelicolor.  The sequences found from the NCBI BLAST were also used in a BLAST search against each Streptomyces genome at the Broad Institute as a check on the data.  In some instances the data from the separate genome databases did not correlate, for example an NCBI BLAST at an Expect value of as high as 10 could still not find the putative homologue for NepA in S. sviceus.  These small facts served a useful purpose in realising the limitations of some databases and the need to cross reference and check.

The details from the BLAST searches are tabulated (Table 3.4 and Table 3.5).  The basis of the presentation of so much data is to see the overall gene synteny for the genes neighbouring nepA in other species.  The orientation of the genes is shown with the coloured arrows, no significance is implied by the colours, they are for clarity only.  The E values are recorded below the locus tags for the homologues to each gene which was analysed in the BLAST searches.  If no details feature in a box then there is no homologous genes to the S. coelicolor within the limited area of genes under scrutiny.  The presence of a different colour for any locus tag is added to show that the gene exists but its gene placement is not in an operon with nepA, for example in S.  sp.  C  the SCO4001 homologue is not adjacent to the nepA homologue in this species.  

The analysis was carried out for genes with SCO numbers lower than SCO3999 and above SCO4010 but the synteny was not significant enough to record.  The main area of interest in this study was the area immediately around nepA.  The role of the pol prim at SCO4001 will be discussed in Chapter 5, at this point of the analysis the fact that in the majority of cases the pol prim homologues all appear in a divergent operon with NepA is significant.  They could potentially share the same promoter region and they appear to be co-regulated.  Could the pol prim expression be under the control of NepA?  They may be co-expressed temporarily but not spatially as results have revealed the expression of NepA is stem specific  ADDIN EN.CITE (Dalton et al., 2007).  Results from the present study have shown the transcription of the putative pol prim to take place in the spores (Results Chapter 5).

The homology for the genes from SCO4005, a putative RNA polymerase sigma factor and SCO4006, a putative fatty acid CoA ligase is interesting and their almost invariant presence would imply that there is a predicted co-regulation and requirement for these genes to interrelate in their functions.  The presence of the TetR family regulator encoded by the gene at SCO4008 and the histidine kinase at SCO4009 is less conserved amongst the species examined in relation to their location with nepA.  These genes are only present in the species S. lividans,                    S.  ghanaensis  and  S. sviceus indicating a requirement for the proximity of these genes in these species only.The difference between the species in the absence of some genes, such as SCO4003 and SCO4004 is interesting.  It is my prediction that these genes have a unique function which is at present unknown.  The orientation of the genes is shown by the arrows as found on the NCBI(http://www.ncbi.nlm.nih.gov/BLAST/genomesite (ncbi.nlm.nih.gov/sites/entrez?db=genome) and the details for S.  coelicolor were taken from the strepdb (http://strepdb.streptomyces.org.uk) web site.  A description of the different Streptomyces species would give some indication on the similarities and differences in their phenotype.  
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Conclusions of NepA bioinformatics study   

The BLAST searches and sequence analysis presented in this chapter brings the findings of the previous research up to date  ADDIN EN.CITE (Dalton et al., 2007; de Jong et al., 2009). The alignment of the nepA sequences in Figure 3.10 extends the number of streptomycetes carrying nepA homologues from what has been previously recorded as further genomes have been completed.

The use of bioinformatics tools has led to several predictions on the nature of NepA and the occurrence of its homologues in other Streptomyces species.  It has reinforced the previous findings that the protein is specific to Streptomyces  ADDIN EN.CITE (Dalton et al., 2007; de Jong et al., 2009). However one tenuous link to a protein in B. subtilis has been presented in this thesis. The bioinformatic searching carried out during this research used the Meta Server at the BioInfoBank  (Ginalski et al., 2003). The server provides access to many databanks which hold information on structure prediction and functions of many protein sequences. The extended search using this facility provided the link to the SpoVS  sporulation protein in B.  subtilis to which NepA bears a 30% identity. Any potential link is purely academic at this point but the prediction is interesting none the less and provides a possible route for further enquiry.  

No bioinformatics analysis has shed any definite light on a possible role for NepA, but the fact that it is potentially a secreted protein is supported by the available programmes by suggesting potential cleavage sites for the signal peptide.  The lack of the twin arginine motif points towards NepA being secreted in the unfolded state via the Sec-dependent pathway.  

Other interesting findings presented in this chapter is the homology of the genes surrounding nepA. The presence of the Pol prim in a predicted divergent operon to nepA is found in 12 of the 15 species carrying nepA. The species not found with the Pol Prim in “conjunction with nepA “are S. sp C, S. sp Mg1 and S. albus, this finding is expected for S. sp C and S. sp Mg 1 by inference of the phylogenetic analysis but the lack of the protein in S. albus is perhaps suprising in recognising their closer phylogenetic relationship.









Studying one of the nine SigB-like RNA polymerase sigma factors, SigN, established that a sigN mutant had altered colony morphology in particular on glucose-containing media  ADDIN EN.CITE (Dalton et al., 2007).  Microarray analysis of RNA from the sigN mutant using S.  coelicolor microarrays (Bucca et al., 2003; http://www.surrey.ac.uk/SBMS/Fgenomics/) revealed a potential SigN target gene, nepA. The nepA target was the only target isolated from the Gene Spring data and so formed the basis of the current research topic. Using S1 nuclease mapping, transcription of nepA was found to originate from a single promoter which was active during aerial hyphae development.  In addition, nepA transcription was confirmed to be SigN dependent  ADDIN EN.CITE (Dalton et al., 2007).  The gene product was predicted to be a secreted peptide (hence its name NepA from Sigma N-dependent extracellular oligopeptide).  The data also revealed that the transcript was produced exclusively during aerial hyphae development and not during the later stages of sporulation  ADDIN EN.CITE (Dalton et al., 2007).

















Dalton et al.  suggested that the subapical stem forms an interface between the vegetative and aerial mycelia to control the fate of the two areas following differentiation.  The compartment is the location of NepA production and it has an increased level of SigN expression, too.  Earlier studies describe lysis of  the non-sporogenic aerial hyphae positioned beneath the sporulating tip (Wildermuth, 1970).  This hyphal segment might coincide with the subapical stem compartment described in Dalton et al.  












This result could not be reproduced during studies in the Kelemen laboratory where the most significant amount of nepAP activity has been found exclusively in the subapical stem compartment.  The EGFP activity for the nepAP-egfp construct is visible in the aerial hyphae, especially at the time of mature spore development.  The growth of the colony against a coverslip inserted into the media enables the examiner to view a complete developing aerial hypha with careful extraction and handling.  The images shown in Figure 4.2 arise when broken fragments are viewed in isolation.

To test whether the formation of the stem compartment depended on sporulation, the nepAP-egfp strain was monitored in one of the whi mutants  ADDIN EN.CITE (Dalton et al., 2007).  The whi mutant strain, whiG (J2400) (Flardh et al., 1999) was used and the study revealed that even in the non-sporulating whiG mutant strain nepAP activity was clearly detectable in the aerial hyphae and  was still restricted to the stem compartment, which implies that both the formation of the stem and  nepAP activity were not dependent on sporulation.  All spore specific transcriptions tested (examples include transcriptions of sigF and whiE) were absent in a non sporulating mutant such as the whiG mutant.  Therefore, if nepA transcription was spore specific, as de Jong suggested, nepA transcription would be the first example of spore specific transcription that is not dependent on the early whi genes, including whiG.  We rather believe that nepA transcription is stem specific and is not dependent on sporulation nor on the early whi genes.
As it was found that sigN and nepA both shared similar promoter sequences an in vitro run-off transcription experiment was carried out using SigN overexpressed from E. coli.   ADDIN EN.CITE (Dalton et al., 2007). As templates, DNA fragments carrying the sigN and nepA promoters were used.  The lack of transcripts from both of the two promoters suggested either that sigN and nepA were not directly dependent on sigN or, according to our preferred hypothesis, SigN did directly initiate transcription at these promoters but it also required a transcriptional activator; which was not present in the in vitro assays.  In order to investigate this further, nepA promoter regions of different lengths were analysed for activity by making egfp-nepA promoter constructs.  Although they all contained the predicted -10 and -35 promoter sequences for sigma factor binding, the smaller promoter constructs of 126 bp and 55bp failed to show any EGFP promoter activity.  It was found that a promoter region with an extra 360 bp upstream from the sigma factor binding site was needed; suggesting that the binding site for a potential transcriptional activator was in this region.  This was confirmed when the same promoter fragments were used in a gel-shift assay.  DNA binding activity from cell extracts of S. coelicolor generated a gel-shift when used with DNA fragments carrying sequences upstream of the promoter, but failed to shift when used with DNA fragments containing only the promoter sequences (Dalton and Kelemen unpublished).

Using PCR targeting (Gust et al., 2003) a nepA mutant strain was produced by both Dalton and de Jong and the mutant phenotypes were characterized.  Dalton found that single colonies of the nepA mutant strain had a subtle delay in development of the aerial hyphae in comparison to the wild-type strain when grown on media containing MM-glucose  ADDIN EN.CITE (Dalton et al., 2007).  The nepA mutant strain constructed by de Jong had an accelerated formation of aerial mycelium which was visible after 20-24 hours growth, whereas aerial development of the wild-type strain was macroscopically visible only after 26-30 hours of growth.   Aerial hyphae development has been extensively studied in the Kelemen laboratory and the findings of the de Jong group have not been repeated in our hands.  In fact Dalton found that the mutant nepA strain was not only delayed in development on MMG but failed to produce the fluffy white appearance associated with aerial hyphae development at all even after 10 days  ADDIN EN.CITE (Dalton et al., 2007).

The de Jong group also examined the mutant nepA strain for spore germination rates.  Spores of their nepA mutant strain germinated faster than the wild-type when grown on MS media (which is the SFM after the recipe of Kieser et al., 2000).   They found that 6% of the wild-type spores had germinated 3 hours after inoculation but the mutant strain had shown a germination rate of 19% in the same time interval.  The de Jong group also found that the nepA mutant spores germinated in water whilst the M145 (wild-type) spores did not.  In this report we will describe the attempts made to reproduce the experiments described in de Jong’s paper.  However, in our laboratory conditions, germination of the nepA mutant was not dissimilar to that of the wild-type.  

Immunological investigation using polyclonal antibodies raised against synthetic NepA-derived  peptides  were used to detect NepA (de Jong et al., 2009).  No NepA specific signal was found in total cell extracts taken from mycelial growth of 24, 48 and 120 hours on MS media at 30 º C when processed in SDS sample buffer.  However a strong signal was visible for NepA when the cell wall fraction was extracted with Trifluoroacetic acid (TFA) which allowed dissociation of the highly insoluble NepA from the cell walls.  The use of TFA also allowed the group to find a NepA signal in the spores of the wild-type strain which was not present in the nepA mutant strain.  The predicted molecular weight for the NepA protein (without the signal peptide sequence ) is 7.7 kDa, however the results of the immunological studies found a protein of       16 kDa which was suggested to be the result of  dimerization of the protein (de Jong et al., 2009).

In order to clarify the differences found in the two laboratories, our focus on NepA of                S.  coelicolor was to localize this small putative, extracellular protein and to assess some of the findings of de Jong’s paper.   Structural in silico analysis of NepA (Chapter 3) has identified  that NepA has a putative signal peptide which is a potential substrate for the Sec protein-translocation pathway  (Pugsley, 1993).  Furthermore, NepA homologues were identified in 20 Streptomyces species sequenced to date (Chapter 3).  NepA is not present in other Gram-positive bacteria within the normal range of BLAST algorithms (www.ncbi.nlm.nih.gov/) (Altschul et al., 1997).  Therefore this potentially indicates that NepA is specifically required for the complex lifecycle of Streptomyces.  
4.1.1.  Aim
The aims of the work carried out on NepA was to gather further insight into its role in                S. coelicolor.  Was NepA expressed in the subapical stem?  What was the fate of NepA? Was NepA targeted to the cell wall? Were there any more investigations to be carried out on the nepA mutant spores in terms of phenotype or germination characteristics as suggested by de Jong (de Jong et al., 2009).  What effect would overexpression of NepA have on a growing     S. coelicolor colony?  Would overexpressed and purified NepA protein have any effect if applied extracellularly to a growing colony?
We wished to address the following:
1.	To localise NepA using translational fluorescent protein fusions 
2.	To localise NepA tagged with a poly-histidine tail (NepA-His) using an anti-His antibody
3.	To assess the effect of NepA overproduction on colony development
4.	To purify NepA-His and to monitor the effect of extracellular feeding of NepA-His
In order to answer these questions different translational fusions of NepA were generated so that its secretion from the cells could be traced and its molecular size and function determined.  To this end we designed and generated several constructs carrying the following;
1.	A full length nepA-mCherry translational fusion under the control of the native nepA promoter.
2.	A full length nepA-egfp translational fusion under the control of the native nepA promoter.
3.	A full length nepA with a C-terminal His-tag under the control of an inducible promoter.
4.	A full length nepA with a C-terminal His-tag under the control of the native nepA promoter.
5.	A truncated (core) nepA construct lacking the N terminal signal peptide sequence with a C-terminal His-tag under the control of an inducible promoter. 
6.	A truncated (core) NepA construct lacking the N terminal signal peptide sequence with an N-terminal His-tag under the control of an inducible promoter. 

4.2.1 Construction of the NepA fluorescent protein translational fusions.






The suitability for various fluoresencent proteins have been been modified and improved by Roger Tsien and his associates (Cubitt et al., 1995).  EGFP has inherent problems of dimerisation affecting secretion and folding, so we investigated the use of monomeric fluorescent proteins for studying the localisation of secreted proteins.  One such a fluorescent protein is mCherry (Shaner et al., 2004).  The first red fluorescent monomer protein was derived from the species Discosoma which are red coral reef anenomes (Matz et al., 1999).  The original extracted protein was DsRed which has now been superseded by the second generation monomeric, more photostable and brighter mCherry (Shaner et al., 2004).  In mCherry the amino acid sequence has been mutated to remove the two cysteine residues which cause oligomerization in EGFP replacing them with more neutral histidine residues.  The protein is a 28.8 kDa monomer of 256 amino acids with an excitation of 587nm and emission at 610 nm.  Although the signal from mCherry may be less bright and tends to be less stable than EGFP, there are two main advantages in its use. Firstly, the lack of oligomerization may positively affect its secretion if this restriction was caused by molecular size.  The second advantage that is relevant to our studies is that S. coelicolor shows considerable autofluoresence in the green region whilst there is  no significant emission in the red spectrum, although recently there is report of red autofluoresence in Streptomyces (Willemse and van Wezel, 2009).

The excitation and emission spectra of EGFP occurs at 488 nm and 507 nm, respectively.  The excitation wavelength of EGFP corresponds to the wavelength emitted by the argon laser used in the confocal microscope in our experiments. EGFP translational fusions are widely used to monitor protein localisation but secretion of the protein creates problems.  Depending on the mechanism of secretion via either the Tat or the Sec-dependent secretion pathways, the choice of the fluorescent protein needs to be carefully considered.  It is known that the presence of the two cysteine residues at position 49 and 71 in the EFGP structure causes oligomerization (Figure 4.3; Jain et al., 1994).  The resulting homodimer would be 54 kDa which would potentially be too large to be translocated through the peptidoglycan fabric which can normally manage to transfer proteins of up to 50 kDa (Demchick and Koch, 1996).  

The potential for EGFP in reporter fusions for the analysis of protein transport across membranes has been studied in the thylakoid membranes in chloroplasts.  The results revealed that EGFP was easily targeted and transported by the Tat pathway but transport via the Sec-dependent pathway was barely detectable.  The results of this experiment suggest that the EGFP protein is folded in the chloroplast stroma thus preventing any further transport via the Sec-dependent pathway (Marques et al., 2003).  The use of GFP as a reporter for protein localization in E. coli was studied by creating carboxy-terminal gene fusions to a maltose binding protein (MBP) which is known to be targeted to the Sec-dependent pathway.  Fluoresence was not observed when the signal sequence of the MBP was present but appeared in cell fractionation studies when the signal sequence was removed.  The fluorescent MBP-GFP hybrid protein was found in the cytoplasm and the non-fluorescent hybrid was found in the periplasmic space  ADDIN EN.CITE (Feilmeier et al., 2000).   As in this experiment, GFP was fused to a Sec-dependent signal peptide, an unfolded MBP-GFP hybrid protein was translocated into the periplasm and was unable to fold correctly  ADDIN EN.CITE (Santini et al., 2001).

It is known that the cell wall of Gram-positive bacteria posesses a molecular-sieving mechanism which should allow the passage of proteins of up to 50 kDa which should mean that the EGFP monomer, but not the homodimer, should pass freely through the cell wall (Demchick and Koch, 1996).  In studies using EGFP for monitoring export from the cell wall has presented problems.  A comparison of the Tat-dependent pathway for translocation of GFP was studied in three different Gram-positive bacteria; Staphylococcus carnosus, B. subtilis, and Corynebacterium glutamicum and the outcome of the translocation varied between the organisms  ADDIN EN.CITE (Meissner et al., 2007).  Although the Tat-dependent pathway transports folded proteins and should be able to transport EGFP, no GFP signal was detected in the surrounding culture media for S. carnosus suggesting that the absence of chaperones for the heterologous protein prevented the correct folding of the reporter protein, or that the foreign protein had in some way become attached to one of the components in the cell wall.  The lack of GFP in the culture media for S. carnosus was in contrast to that found for B. subtilis where GFP was found in the surrounding media, suggesting that no similar trapping mechanism was present in this bacterium.  A Western blot against the GFP protein from B. subtilis showed that the protein was still present and had survived damaging proteolytic activity.  However the secreted GFP showed no fluorescence activity suggesting that the protein was incorrectly folded and could not emit fluorescence (Meissner et al., 2007).

EGFP has been extremely useful in transcriptional or translational fusion studies, the problems only arise when EGFP is secreted.   Analysis of the use of EGFP to monitor proteins secreted by the Sec- and/or Tat-dependent pathways indicated that secretion and correct folding of GFP poses challenges; even when secreted via the Tat-dependent pathway.  A lack of appropriate chaperones or interactions within the cell membrane may affect the translocation of the protein even in the folded state.  In studying EGFP translational fusions via the Sec-dependent pathway it has been shown that the secreted EGFP fusion fails to fold correctly (Pradel et al., 2005).  However some successful report includes the study of YxeE, which is a spore coat protein of    B.  subtilis which when fused to GFP was found to be located on the surface of the spores under investigation (Kuwana et al., 2007).  Later details obtained for mCherry indicate that when the fluorescent protein is used in translational fusion analysis, it is prone to proteolysis even for unsecreted proteins making the choice of this marker for our studies questionable with hindsight (Paul Dyson, Personal communication).

4.2.2 Construction of NepA translational fusions to fluorescent proteins

The purpose for constructing the fluorescent NepA translational fusions was to localize the protein and to monitor its route of secretion from the cell to begin to elucidate its function.  In the light of the previous knowledge of fluorescent reporter proteins both proteins were used in our studies.












The problems associated with EGFP discussed above influenced the decision to use mCherry as the reporter for the translational fusion studies for NepA as well as EGFP.  The plasmid pIJ8660 formed the basis for both translational fusion contructs for NepA.  The construct producing NepA-mCherry was produced first and later the mCherry was replaced by egfp for the production of NepA-EGFP.

4.2.3 Constuction of pIJ8660-mCherry

























4.2.4 Construction of a glycine linker
In order to allow folding of the expressed NepA-mCherry fusion, a linker region was designed to facilitate this process.  The aim is to produce a structure that allows both proteins to fold in their predicted native manner relative to each other.  The choice of the residues and length of linker can have important implications.  For example it has been found that alanine acts by accelerating folding whereas serine acts to slow unfolding (Robinson and Sauer, 1998).  The linker needs to be as close to the native protein environment of the host and resistant to proteolysis.  It must also allow for the correct folding of the linked proteins to minimise torsional strain between the C-terminus of one protein and the N-terminus of the linked protein.  The small amino acid, glycine tends to be used in linker design because glycine makes the linker more flexible than any other amino acids of comparable length using non-glycine residues (Ramachandran and Sasisekharan, 1968).
The length of the linker needs to be optimised, studies of this parameter have shown that too long a linker leads to side-chain instability whereas too short would not relieve the torsional strain or allow either protein to fold naturally (Robinson and Sauer, 1998).  The distance chosen should be the minimum needed to span the distance between the C and N terminii of the respective proteins without affecting the native structural frame of either protein (Viguera et al., 1995).  The experimental experience led us to the decision to use a poly-glycine linker as they provide the necessary factors for stability, flexibility and resistance to proteolysis and  are also found to enhance solubility (Branden, 1999).  Previous studies have found the glycine linker to aid efficient protein folding aided by the presence of the extra hydrogen bonding capabilities of the glycine region (Tanaka et al., 2006).
The primers used for the construction of the glycine linker were designed to produce a  region containing five glycines (Figure 4.8).  The glycine linker was created by annealing the oligonucleotides egfp linker 1 and 2 (Materials and Methods).  500 pmol of the forward and reverse primers were mixed with SB buffer (final concentrations 60mM NH4Cl and 10mM Tris pH 7.4).  The oligonucleotides were heated to 100 ºC for 5 minutes and allowed to cool slowly in the water overnight until room temperature was reached.  The annealing of the primers produced the protruding BamHI and NdeI sites (Figure 4.8), which allowed the cloning of this linker into pIJ8660-mCherry.  The linker was designed in such a way that after cloning the terminal NdeI site was lost, but a new NdeI site at the N-terminus of the glycine linker was introduced (Figure 4.8).  The annealed primers were ligated into the BamHI and NdeI digested and gel purified pIJ8660-mCherry plasmid.

  Annealed oligonucleotides egfp linker 1 and egfp linker 2:
  5’ gatcctctagaCATATGggcggcggcggcgg  -3’            egfp linker   1    





   
      
      















                    


4.2.5 Construction of the pIJ8660-NepA-mCherry plasmid




































The constructed plasmid now contains the following:
	The native promoter of nepA including the bases needed to bind the suspected transcription factor
	The Shine Dalgarno sequence upstream from the start codon for nepA
	The full length nepA coding sequence with the stop codon removed
	A poly-glyine linker encoding five glycines
	The start codon ATG for mCherry in frame to the start codon for nepA
	The entire mCherry coding sequence
	A stop codon at the end of the mCherry coding sequence

4.2.6 Production of a NepA-EGFP translational fusion  












4.2.7 Introduction of the nepA-mCherry and nepA-egfp fusions to S.  coelicolor
S. coelicolor has a highly efficient methyl-specific restriction system to protect itself against invading heterologous DNA.  In order to avoid the restriction of the foreign DNA the donor strain of the organism carrying the DNA to be integrated into the S. coelicolor chromosome needs to be unmethylated.  There has been considerable research using  E. coli  as the donor and the first successful conjugal transfer of DNA into Streptomyces was achieved by Mazodier  (Mazodier et al., 1989) after a previous  successful conjugation into a Gram-negative strain was achieved by (Simon et al., 1983).   The first transfer into S. coelicolor took longer to achieve as the strain used has a highly acute restriction system (Flett et al., 1997).  The E. coli strain, ET12567 which is methylation defective, is used for the conjugal intergenic donor strain (MacNeil et al., 1992b).  The ET12567 strain carries a helper plasmid, pUZ8002 which can supply transfer functions to oriT-containing plasmids such as pIJ8660.  The pUZ8002 plasmid, which is derived from RK2  ADDIN EN.CITE (Paget et al., 1999) contains a mutation in its own oriT enabling the plasmid to aid conjugation of the pIJ8660 plasmid but does not itself get transferred into the Sreptomyces chromosome.  The process of conjugal transfer of heterologous DNA into the chromosome of S.  coelicolor was adapted from the methods of Flett by Kieser et al.  (Kieser, 2000).
The plasmids pIJ8660-NepA-mCherry and pIJ6660-NepA-EGFP  were transferred into the dcm- dam- E.coli strain, ET12567  ADDIN EN.CITE (MacNeil et al., 1992a; MacNeil et al., 1992b) containing pUZ8002  ADDIN EN.CITE (Paget et al., 1999).   As the plasmid contains the apramycin cassette and the ET12567/pUZ8002 confers resistance to chloramphenicol and kanamycin the transformed E. coli cells were spread on LB Agar plates containing all three antibiotics.  A single colony was used for conjugation into S. coelicolor.   Exconjugants were selected using apramycin, and nalidixic acid was used to eliminate E. coli growth.  Several potential exconjugants were picked and streaked for single colonies on SFM plates containing nalidixic acid and apramycin and from the single colonies picked, spore preparations were made and maintained in 20% glycerol at -80 ºC.  One of the representative strains was used for the epifluoresence study.   
  
4.2.8.  Localisation of NepA using the mCherry translational fusion 
The S. coelicolor M145 spores harbouring pIJ8660-NepA-mCherry translational fusion were inoculated onto sterile cellophane over SFM medium containing apramycin.  A control,             S.  coelicolor carrying pIJ8660, was grown in the same way.  Samples were collected after 18, 40 and 60 hours of growth.  All samples were frozen after harvesting and then mechanically disrupted using the Fast Prep Machine [MP Biomedicals FastPrep®-24].  The FastPrep machine is a bench top homogenizer able to efficiently lyse all Streptomyces cellular material including the potentially sonication resistant spores (Daza et al., 1989).  After cell lysis, the protein extracts was separated into soluble and insoluble fractions using centrifugation.  Protein concentrations of both fractions were determined using Bradford Reagent [Bio-Rad] using BSA as a standard.  The proteins were separated using SDS-PAGE electrophoresis.  In order to avoid the full denaturation of the mCherry fusion protein, we did not boil the samples prior to loading onto the SDS-PAGE gel in this experiment.  This method has been routinely used in our laboratory to detect fluorescence generated by fluorescent protein fusions.  After electrophoresis, the gels were exposed to a light source which corresponded to the excitation wavelength of the mCherry protein of 546 nm in the phosphorimager Molecular Dynamics Storm® [Sunnyvale, California].  The phosphorimager is a quantitative imaging system which normally works on the principle of stored phosphor energy (Johnston et al., 1990), however in this process the phosphor screen was not used.  The gel containing the mCherry protein was exposed to light at its excitation wavelength and the protein then re-emitted the light energy which was directly visualised on the imager.  









The expression of NepA in the subapical stem coincides with the aerial hyphae and spore development which occurs in S. coelicolor at 40 to 60 hours.  This is reflected in the strong signal in the samples taken at 40 and 60 hours. The evidence points towards NepA being expressed with the mCherry, and the rate of expression coincides with the time when NepA would be expressed at higher levels.  In these samples aerial hyphae develop at around 40 hours when the mycelial growth appeared white and fluffy and after 60 hours the appearance of the aerial hyphae was dark grey indicating the development of the mature spores.  The increase in the mCherry signal in the 40 and 60 hours samples (Figure 4.16) could reflect an increase in expression level of NepA-mCherry fusion as the spores develop.   From these results the mCherry  appears to be in the supernatant and  is not secreted, indicating that using mCherry to follow the route of secretion of NepA was not successful. It is highly possible  that during NepA secretion the NepA-mCherry has undergone some proteolytic cleavage leaving behind mCherry in the cytoplasm, or that the cleavage of the fusion took place before NepA was transclocated.  As samples were taken by collecting cells from a cellophane membrane, we can not make predictions for the localisation of the NepA-mCherry fluorescence.  For this we wanted to monitor the fluorescence using microscopy (Section 4.2.11). This technique was attempted in order to visualise the fusion protein as at the time of the experiment we were unaware of the likelihood that the mCherry would proteolyse.
Protein extracts generated in exactly the same way for the strain carrying the NepA-EGFP fusion were also analysed (data not shown) but in this case no GFP fluorescence was detected using the phosphorimager in any of the fractions.  The GFP results led to the assumption that the results from  previous research which showed that GFP, when secreted via the Sec pathway does not fold properly were correct.  A maltose binding protein (MBP) -Egfp  translational fusion was secreted into the periplasm  E.  coli it was not correctly folded and yielded no fluorescence  ADDIN EN.CITE (Feilmeier et al., 2000).  However, the lack of signal for the GFP actually leads to a greater confidence in the use of mCherry in these experiments; although we cannot prove that NepA was still attached to the protein at least we showed that expression of the fusion took place and that the mCherry protein was fluorescent in the cytoplasm.

4.2.9 Localisation of NepA using the mCherry translational fusion by ultracentrifugation
In order to ascertain whether the NepA-mCherry fusion protein product was in the cell membrane or the soluble cytoplasmic fraction, the soluble samples generated needed to be further fractionated. This process was carried out as the proteolysis of the NepA-mCherry was not confirmed and may not have been complete.  The supernatant fractions of the protein samples from the previous experiment (4.2.10) were separated by ultracentrifugation.  Prior to ultracentrifugation the cell debris was removed by bench top centrifugation at 16300g.  Exactly 150µl of supernatant from the recently spun samples were added to small microcentrifuge tubes and spun for 1 hour at 625000g at 4 ºC in the OptimaTM TLX ultracentrifuge [Beckman Coulter, High Wycombe UK.].  The supernatant was removed and stored as the cytoplasmic fraction.  200 µl of the suspension buffer, TCB (100mM Tris pH8.0, 50mM NaCl) containing 1% sarcosyl were used to resuspend the cell membrane pellet which was then re-spun for a further hour at 625000g  at  4 ºC in the same centrifuge.  The supernatant from this process was taken and stored as the wash fraction.  A further 100 µl of TCB was used to resuspend the pelleted cell membrane.  The collected samples representing the cytoplasmic fraction and membrane fractions were stored on ice and assessed for concentration using a Bradord Assay (Bio-Rad).  The samples were separated using SDS-PAGE (10%) and scanned using the Molecular Dynamics Storm phosphorimager at an excitation wavelength of 584nm (Figure 4.16).  The results indicate that NepA-mCherry was in the supernatant (Figure 4.16).     









            
4.2.10 Monitoring fluorescence of NepA-mCherry using microscopy 

Spores from S. coelicolor M145 carrying the nepA/mCherry translational fusion were spread on SFM containing apramycin.   Microscope coverslips were inserted at an angle of 60 degrees to the surface of the plate.  After 48 hours growth the coverslips were gently removed and mounted onto  microscope slides using 20% glycerol.  The coverslip was sealed with nail varnish.  The slides were then viewed on the Axioplan 2 Imaging E (Carl Zeiss) Universal microscope with an An AxioCamMR camera.  Using a Plan Apochromat 100x/1.40 Oil (440780) objective.  Filters used were FS 45 TxR.   
The images shown in Figure 4.17 show that the NepA-mCherry expression takes place in the subapical stem compartment.  








The expression of the NepA-mCherry occurs in the subapical stem as seen by the presence of the red haze in the subapical stem  (Figure 4.17) which appears to be stronger near to the base of the stem compartment. Under these experimental conditions it is not possible to say that we are looking at the fusion protein or mCherry cleaved from NepA.   It is important to note that no signal was apparent in the spore chains.
4.2.11 Localisation of NepA-mCherry together with wheat germ agglutinin staining
Wheat germ agglutinin (WGA) is a carbohydrate-binding protein of approximately 36 kDa.  WGA conjugated to ALEXA 488 was used to  visualise the cell wall (Flardh et al., 1999).  WGA binds to small oligomers of N-acetylglucosamine (NAG) and  N-acetylmuramic acid (NAM), which are alternately coupled to form the peptidoglycan strands in incompletely polymerized or lysozyme treated peptidoglycan  (Jakimowicz et al., 2005a).  Completely polymerized peptidoglycan is not recognized by the staining and so some assessment can be made of the timing of developmental stages using this technique.  New peptidoglycan synthesis occurs exclusively at the growing tip of Streptomyces hyphae, however, WGA-Alexa488 seems to stain the cell wall of all the hyphae (Figure 4.18).  WGA-Alexa488 staining of samples expressing NepA-mCherry enabled us to monitor NepA localisation together with cell wall staining.















      
     




The figure 4.19 is Figure 4.18 enlarged on the computer to focus on the area of interest, it is not in image taken at a higher magnification. 

A second microscope image in Figure 4.20 shows an older aerial hyphae where newly synthesized sporulation septa were stained strongly with WGA-Alexa488.  







An area of particular interest is the specific septum between the stem and sporulating aerial hyphae which is enlarged and shown in Figure 4.20 and Figure 4.21  marked with a white arrow. The images recorded show that expression of NepA-mCherry takes place exclusively in the subapical stem.  The NepA-mCherry signal appears to be at higher levels of expression  in the lower region of the subapical stem, however, we have no evidence to prove that the NepA-mCherry fusion protein remains intact.










4.3.1  Overexpression of NepA
In order to study the affects of over-expressing a truncated version of nepA on the physiology or development of S.  coelicolor a non-integrative,  high copy number E. coli-actinomycete shuttle vector was used called pCJW93 (Wilkinson et al., 2002), where the nepA expression was under the control of PtipA.   The pCJW93-NepASP plasmid had been made previously in the Kelemen laboratory and contained a truncated nepA which has the signal peptide region removed; leaving what will now be referred to as core nepA.  






4.3.2 Construction of pCJW93 overproducing NepA without its signal peptide pCJW93- NepASP




















 4.3.3 Overexpression of His-NepASP
In order to monitor overproduced His-NepASP using Western blotting an initial overexpression trial was carried out for inspection on 16% polyacrylamide gels using Coomassie brilliant blue staining [Sigma, UK ].  5 x 107 spores were spread onto cellophane covered SFM plates containing apramycin.  The cultures were allowed to grow for 24 hours at 30 ºC before half of the cells were transfered by lifting the cellophane onto SFM medium containing thiostrepton (50 µg/ml) for a further 5 hours (the uninduced samples were also grown under identical conditions).  Both induced and uninduced cells were then collected from the surface of the cellophane and placed in screw cap Eppendorf tubes containing 400 µl lysis buffer (50mM NaH2PO4, 300 mM NaCl,  5 mM imidazole, pH 8.0)  together with  fast prep glass beads. The lysis was carried out by vigorous shaking and beating of the samples containing the glass beads in the Fast Prep machine (Methods).  The lysed samples were then centrifuged at 16300 g for 1 minute in a bench top centrifuge to separate the cell lysate from the glass beads.  The supernatant was removed and spun again at 16300g  at 4 ºC for 20 minutes to seperate all cell wall debris.  The supernatant was kept and the pellet fraction was resuspended in 100 µl TM buffer.  















The lack of a clear signal on the Coomassie stained SDS-PAGE might be explained by a low protein concentration.  In order to detect His-NepASP we tried to purify the protein using Ni-affinity chromatography.  The presence of the His-tag was used for this process by purification using a His-NTA column [QIAGEN, Crawley, UK].  The method for this procedure was to carry out induction of M145 carrying pCJW93His-nepASP under the control of the PtipA promoter as described above.  24 hours of growth on cellophane at 30 ºC on SFM containing apramycin was followed by 5 hours induction by transfer of the cellophane to plates containing thiostrepton for a further 5 hours.  Uninduced samples were also grown under identical conditions.   The lysate was loaded onto Ni-NTA spin columns [QIAGEN, Crawley,UK] according to the manufacturers instructions .  After washing the columns using at least 10 ml of dH2O, the samples were eluted from the columns using elution buffer (50mM NaH2PO4, 300 mM NaCl, 300 mM imidazole, pH 8.0) in 200 µl aliquots.  The majority of the His-tagged protein should elute in the first elution fraction but a second elution of 200 µl was carried out for completeness.  Proteins collected during the Ni-affinity purifications were separated by gel electrophoresis in SDS-PAGE (Laemmli, 1970) at 16% as shown in Figure 4.25
            

                       




The gel image in Figure 4.25  reveals a faint band at ~ 8kDa marked by a black arrow which  is at the size predicted for the core NepA protein with the His-tag at the N terminus.  All Western blotting experiments were carried out at a later stage and was not carried out on the dialysed protein samples shown in Figure 4.25. 

4.3.4 Western blot analysis of pCJW93-NepASP  
Western blot analysis was carried out following electrophoresis on a 15% SDS-PAGE gel which was used for resolution of the protein samples produced in the overexpression fractions from    S. coelicolor carrying pCJW93-NepASP  extracted after induction of 5 hours as described in 4.3.3.  The samples from the SDS-PAGE gel were  transferred to a Hybond-P extra nylon membrane [Amersham Pharmacia Biotech] and probed with the antibody at a 1: 5,000 dilution of penta-His horseradish peroxidise conjugate [Amersham Pharmacia Biotech] and detected using ECL (electrochemiluminescence) Western blotting reagents and visualised on X-ray film [Fuji film Super RX NIF blue].  Despite several attempts at this analysis, it was not possible to distinguish the NepA fraction.  There are several possible reasons for this; the penta-His antibody may have failed to bind to the NepA protein present for unknown reasons, or because the level of protein was too low.  All proteins retained by the column would have had a His tag still intact but were not limited to NepA.  A control sample of a His-tagged Scy protein from S. coelicolor which had been overexpressed in E.  coli was used  as a positive control  which was visible on the membrane after Western blotting indicating that  the Western blotting itself was successful.




4.4.1 External application of Ni-NTA purified His-NepASP on a lawn of S.  coelicolor
We also tested the His-NepASP derivative which had been purified using Ni-NTA affinity chromatography (in 4.3.3, Figure 4.25).  We applied an aliquot of the dialysed protein extract (Figure 4.26) onto a S.  coelicolor M145 lawn at the time of aerial hyphae development at 48 hours.   5µl of M145 spores at 5 x 107 were vortexed with 400µl water and spread on SFM plates.





After 14 hours growth at 30 ºC, paper discs (Whatman) were placed on the developing mycelia and 10 µl of dialysed proteins potentially containing NepA were added to one disc, the other had phosphate buffer alone as a control.  Careful observations were kept to observe any phenotype. The plates were allowed to grow at 30 ºC and were monitored carefully at regular time intervals.  The scanned image (Figure 4.26 ) was captured after 48 hours growth and shows the presence of a dark circle around the paper disc where the dialysed proteins were added.  A  replica plate result is shown in Figure 4.26.
The presence of the grey circle is interesting, and its presence was pronounced and reproducible.  This would suggest that the protein extract from the from the column had potentially accelerated morphological differention in the Streptomyces lawn.  It is not possible to infer any involvement from NepA alone as many other proteins were carried over in the His-tagged purification as seen in Figure 4.25.  The effect could be accelerating spore production in the immediate area giving the grey colour (Figure 4.26).  

4.4.2 Overexpression of full length NepA under the control of an inducible promoter
In order to monitor the fate of the native NepA we constructed a further strain which made  use of the integrative plasmid pIJ6902 (Huang et al., 2005) in order to eliminate the possibility that the M145 strain carrying a copy of pCJW93-NepASP plasmid was unstable.   Producing a second thiostrepton-inducible strain a comparison could be made of the effects of overexpressing NepA.  The second strain, pIJ6902-NepA-His had the nepA signal peptide sequence and was integrated into the S. coelicolor chromosome rendering it a more stable expression system.





4.4.3 The construction of pIJ6902-NepA  















             

                  




                        


            


The successful candidate was conjugated into S. coelicolor M145 via ET12567 as described previously in 4.2.7.  The spores from an exconjugant were harvested and stored in 20% glycerol at -20 ºC.















































Although we detected a potential His-NepA from S. coelicolor carrying pCJW93-NepASP after purification using the Ni-NTA column (Figure 4.25), disappointingly, no obvious overexpressed NepA derivative was visible in the Coomassie stained acrylamide or Tris-tricine gels.  The Tris-tricine gel would improve discrimination at lower molecular weights; however there were no bands that could clearly correspond to NepA.  The assumption for the lack of visible overexpressed NepA could be because the protein is at such low concentrations even when over-expressed that it cannot be seen, or that the protein is further processed in the cell.

4.5.1  NepA overexpression studies
Phenotype assessment
In order to assess the effect of the overexpression of the different NepA derivatives on the morphology or physiology of S. coelicolor we monitored growth and development using different conditions.   Initial characterisation was carried out by assessing development by visual examination of gross surface culture differences for S.  coelicolor  M145 carrying pIJ6902-NepA  and pIJ6902 as a control.  5 x 107 spores from both strains were spread on different media; SFM, SFG (soya flour with mannitol and glucose respectively), MMM, MMG (minimal medium with mannitol and glucose respectively).  The spores were spread for confluent growth.  Thiostrepton was added drop-wise to sterilised small paper circles which had been placed in the centre of the plates.  The control which contained only the thiostreptron solvent dimethyl sulfoxide (DMSO).  This control was provided in case the presence of the paper, or solvents themselves caused a difference in the growth.  The paper discs had increasing concentrations of thiostrepton.  The cultures were grown at 30 ºC and examined after 8, 20 and 30 and 36 hours.  There were consistent problems with growth on SFG despite repeated attempts and fresh media production.  

















The scanned MMG plates of  S. coelicolor strains carrying pIJ6902-NepA and pIJ6902 control clearly show a pink tinge around the disc carrying the thiostrepton.  The presence of the pink area spreads over the time period in the strains carrying pIJ6902-NepA.  The pink could  be caused by an increased antibiotic production.   Actinorhodin, one of the antibiotics produced by S. coelicolor is a pH indicator, turning red below a pH of about 8.5 and blue above, was first isolated from the mycelia of S.  coelicolor in 1955 (Brockmann, 1955).  The production of the antibiotic is an indicator of differentiation processes. There is an intense pink colouration in the NepA overproducing samples after 36 hours induction. Further tests are required to establish whether the overproduction of NepA is responsible for the induced antibiotic production in these samples. 

Similar experiments were carried out on MMM plates following the same procedure as for MMG.  The scanned images of the plates are shown in Figure 4.34.














In MMM medium a white circle has developed around the thiostrepton (Figure 4.34) at a concentration of of 10 and 50µg/ml which could potentially be as a result of aerial hyphae development.  However, the white circle is also present in the control strain so there is a possibility that if aerial hyphae are developing it is more likely to be as a result of the thiostrepton not overexpression of NepA hence the conclusion from these plates is that there is no significant change.  






















4.5.2. Monitoring  NepA tagged with a C terminal poly-Histidine-tag 
The studies to date had revealed that overproduction of NepA was not detectable by analysing cell extracts using SDS-PAGE gels stained by Coomassie brilliant blue but no consistent changes were observed in vivo.  In order to monitor even low quatities of NepA derivatives in cell extracts we decided to use immuno detection.  As at that time we did not have a specific antibody against NepA or NepA peptides, we decided to monitor NepA using His-tag derivatives and an anti-His antibody.  The existing strain carrying pCJW93-NepASP can overproduce His-tagged NepA without its signal peptide.  This however, is not ideal if we wish to monitor the fate of the native, secreted NepA.  Therefore we generated an inducible construct that allowed us to overproduce the native NepA with a C-terminal His-tag.  We also generated a construct that allowed the expression of native NepA with a C-terminal His-tag expressed from its native promoter.                               
4.5.3 Construction of C-terminal His-tag in pIJ6902


















The PCR verification of the His linker insertion confirmed the construct (Figure 4.38B).  The Lane marked His Rev and T0 refers to His linker reverse and T0 contains the product of the primers giving a PCR product of 239 base pairs.  The lane marked T0 and His Fwd used T0 and forward His linker which should not yield a PCR product, as with the lane marked His Rev Tfd (reverse His linker with Tfd).  The product in the lane marked His fwd Tfd (forward His linker and Tfd) gives the expected value of 159 base pairs.  The construct was verified by sequencing.  
The vector pIJ6902-His enabled the construction of the nepA-His derivatives.  The production of amplified inserts by PCR was carried out and the primers used and nepA products is described in Table 2.4 (Methods).
The following constructs were planned and completed:
	NepA with a C-terminal His-tag under the control of the native nepA promoter; pIJ6902-NepA-His*
	 NepA with a C-terminal His-tag under the control of a thiostrepton inducible promoter, PtipA; pIJ6902-NepA-His
	 A truncated (core )NepA construct lacking the N terminal signal peptide sequence with a C-terminal His-tag under the control of a thiostrepton inducible promoter, PtipA ; pIJ6902-NepASP-His












                                
 









PCR products produced using the described primers (Table 4.1) were ligated into the pGEMT-Easy vector [Promega, USA] system for easy cloning.  Potentially successful colonies were found by colony PCR, taken forward for plasmid mini preparations which were verified by restriction digests (image not included) and sequencing.  Following verification of the inserts they were digested from their respective pGEM vectors using the restriction endonucleases described in Table 4.1. Fragments digested from the pGEM vectors carrying nepASP and nepA were digested with NdeI and EcoRI  to give fragments of 233 bp and 327 bp respectively.  The fragment carrying PnepA was also digested from a pGEM construct with BamHI and EcoRI to give an 800 bp insert.   The fragments were gel purified and then run on a 1% agarose gel (Figure 4.39).









           





                                 





















                                       






4.5.4 Localisation studies of S. coelicolor carrying the NepA-His translational fusions
Spores of S.coelicolor M145 carrying pIJ6902-NepASP-His,  pIJ6902-NepA-His and  pIJ6902-NepA-His* were inoculated onto cellophane-covered SFM medium containing apramycin and  grown for 20 hours to allow the aerial hyphae to develop before induction with thiostrepton (50 µg/ml) for 6 hours by transferring onto SFM plates carrying thiostrepton.  Uninduced duplicates were kept for controls. The time intervals of induction was chosen to coordinate with the predicted time of NepA expression as seen from the nepA –egfp studies  ADDIN EN.CITE (Dalton et al., 2007).  The mycelium was scraped from the plates and frozen in liquid nitrogen prior to storage at          -80º C before processing.  The cells were then thawed and resuspended in ice cold TM buffer (0.5ml 1M Tris, 0.5 ml 1M MgCl2 pH 8.0) and centrifuged to remove cell debris were then sonicated for 5 times 20 second bursts on ice with 1 minute rest stages between each sonication event, also on ice.  Centrifugation was followed for 20 minutes at 16300 g at 4 ºC and the supernatant was stored and the pellet resuspended in 100 µl TM buffer. The loading fractions of the proteins were quantified by Bradford assay and the same amount was loaded onto 16% SDS-PAGE.   After separation, the proteins were stained with Coomassie brilliant blue or transferred to PVDF membranes (described in Methods chapter Section 2.6.3). The samples from the SDS-PAGE gel were  transferred to a Hybond-P extra nylon membrane [Amersham Pharmacia Biotech] and probed with the antibody at a 1: 5,000 dilution of penta-His horseradish peroxidise conjugate [Amersham Pharmacia Biotech] and detected using ECL Western blotting reagents and visualised on X-ray film [Fuji film Super RX NIF blue].  The developing chemicals were mixed immediately prior to adding to the blot which was soaked for 5 minutes and then dried and exposed to X-ray film [Fuji film Super RX NIF blue] for 15 minutes.

The X-ray film results were scanned (Figure 4.42). As a negative control we used cell extracts from S. coelicolor carrying pCJW93-NepASP.  The results do not show any significant bands in the region anticipated for the His-tagged NepA proteins.  Construct A; pIJ6902-NepASP-His  should produce a product of 7.8 kDa for the core NepA plus His-tag, strain B; pIJ6902-NepA-His should produce a product of 10.4 kDa for the NepA protein and a further 2 kDa for the His-tag.  A product of 12.4 kDa would also be expected for the pIJ6902-NepA-His* construct.   Bands were visible on the gels including a positive control of a His-tagged Scy protein overexpressed in E .coli with known molecular weight of 173 kDa (data not shown).  This indicated that the procedure was working and the antibody was recognising the poly–histidine tag although none of the visualised bands are of the size expected for the NepA protein.  The bands seen on the gel are the same in the negative control samples showing they are not specific to His-tagged NepA regions.  This result indicates that the C-terminally tagged proteins may be further processed and therefore the His-tagged region could have been lost.  



















The Western blot analysis in Figure 4.42 was repeated using S. coelicolor carrying pCJW93- His-NepASP and pIJ6902-NepA-HisSP.   These strains were selected on the basis that if the NepA protein was being processed after its route through the Sec-dependent pathway, the protein produced without the signal recognition sequence should remain in the supernatant.  Whilst this would not help in locating the route of NepA it could at least help the visualisation of the protein.




                                     
	        






As no NepA specific band had been seen in the Western blots to date the collection of the protein samples was repeated using the same method as before but this time using the strain carrying the native promoter was used; pIJ6902-NepA-His*.  This was the closest to the native environment for S. coelicolor.
Cells were grown on cellophane over SFM containing thiostrepton at  50 µg/ml. The sample were collected at regular time intervals after 20, 28, 40 and 60 hours of growth.  All samples were harvested and stored in the same manner prior to processing using the mechanical lysis method described previously and supernatant and pellet fractions were generated as described before.  















             

             The decision to use the strain carrying the His-tagged nepA, pIJ6902-NepA-His* was to follow the expression pattern for the protein over the time that the colony underwent differentiation.  This was to try and localise NepA over the time at which it was predicted to be expressed.  The presence of the signal peptide sequence should mean that the protein would follow its predicted route through the Sec-dependent secretion pathway.   At 20 hours the mycelium were not yet showing evidence of aerial hyphae.  At 28 hours the beginnings of aerial hyphae were showing.   At 40 hours the aerial hyphae were well grown but no spore chains were produced, whilst at 60 hours the spore chains were well developed.

             4.5.6 Conclusions on His-tag localisation 
              We could not detect NepA when we analysed samples with N or C-terminally His-tagged NepA with or without its signal peptide. Samples carrying NepA without its signal peptide should be cytoplasmic but it was not detectable regardless of whether the His-tag was at the C or N terminus of NepA. This suggests that the protein is further processed and the His-tag is cleaved.  The findings are inconclusive and need to be further verified. Antibody raised against synthetic oligopeptides designed to probe different regions of NepA could be used, however it would be difficult to know exactly how the ‘mature’ protein is processed.  Interestingly the de Jong group raised polyclonal antibodies in rabbits against synthesized NepA-derived peptides for two peptide regions found in the ‘mature’ region of NepA and they were also unsuccessful in localising NepA (personal communication).

4.6 Spore dormancy and germination studies









There was no significant difference for the start of germination of the  nepA mutant in comparison to the wild-type (Figure 4.45).  Germination started after around 6 hours incubation for both strains and after 8 hours all the spores had produced a germ tube.  These results were found on each occasion of the experminent when it was repeated. No germination was seen before 6 hours despite careful monitoring of the spores at earlier time points. This result was in contradiction to what the de Jong group found.









4.6.1 Conclusions on spore germination studies
The overall result gained by monitoring the spore germination rates indicates that there is no difference in the rate of germination for the two strains when the statistical errors are taken into consideration.  This result was in contrast to the de Jong findings of 19 % germination of spores from the nepA mutant occurring at 3 hours with only 6% germination in the wild-type strain.  In our studies we did not record any germination prior to 6 hours when 26% of the wild-type spores germinated and 31% of the nepA mutant strain.  The data shown in the graph with the standard error calculated reveals that any slight variation in germination rates falls within the possible error margins and is therefore not significant.
(de Jong et al., 2009) also claim that their nepA mutant germination was faster and happened in a shorter time frame; 90% of their mutant spores germinated after only 6 hours, this was not a result found within our laboratory.   However differences in experimental results can be found for a variety of reasons such as content and construction of the media, even using the same recipe the soya flour and water will be different and can make a vast difference to experimental results.  A fair comparison would be to trial each others' media, strains and growth conditions before a final conclusion can be drawn on the suggested germination rate variations.

4.7 Chapter conclusions
A recent paper sheds more light on the role of SigN  ADDIN EN.CITE (Wang et al., 2010). On examining the proteomic profiles of the wild-type and a sigN mutant demonstrated by two-dimensional polyacrylamide gel electrophoresis the results found changes to 24 expression patterns between the two strains; some were upregulated, the others were down-regulated due to sigN disruption. 22 of the altered proteins were examined by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS). The up-regulated proteins were involved in energy metabolism, stress responses, ATP binding, ppGpp stringent stress response and transcriptional anti-termination. The down-regulated proteins were involved in antibiotic synthesis and differentiation. In considering the role of SigN in the findings of this paper it must be recognized that sigN has two promoters, and only sigNP1 was found to be active in the stem compartment  ADDIN EN.CITE (Dalton et al., 2007). In order to enhance the findings of the recent research it would be of interest to monitor the transcript from strains containing mutations to the separate sigN promoters. 
















Analysis of the completed, annotated sequence of the S.  coelicolor genome  ADDIN EN.CITE (Bentley et al., 2002)  predicted more than 800 secreted proteins, 65 sigma factors, 37 Serine/Threonine kinase homologues, 85 two component sensor histidine kinases and many transcriptional regulators.  The existence of the genome sequence has allowed research to begin characterisation at the level of protein content  ADDIN EN.CITE (Hesketh et al., 2002) and gene expression at the level of mRNA typically using DNA microarrays (Lucchini et al., 2001).  The transcriptome will vary enormously according to current conditions of the organism and reflects the genes that are being expressed at the time point of the analysis.

For the purposes of the research in this thesis, transcriptomics data was obtained from Andy Hesketh at the John Innes Centre who was researching global gene expression in studying morphological differentiation and antibiotic production  ADDIN EN.CITE (Hesketh et al., 2007b).  The data obtained enabled our lab to monitor gene expression for a chosen set of time points; for instance the genes co-expressed with sigN, sigG, sigL as well as those expressed at the same time as nepA which formed the intitial focus for our studies. We hoped that some of the genes co-expressed  with nepA would also be transcribed in the same location,  the subapical stem.  The identification of new stem specific genes would extend our understanding of the biological role of this compartment.  The genes identified to be co-transcribed with nepA were used in transcriptional fusions to egfp in order to monitor their promoter activity and hence gain further knowledge of their location to add to the temporal data gathered from the transcriptomics.  


5.2 Extraction of mRNA for production of transcriptomics data.

The following information on the RNA extraction process was taken from  ADDIN EN.CITE (Hesketh et al., 2007b) and included to complete the data. The RNA was extracted from the strain M600 during surface growth on agar plates containing MYMTE agar (maltose 4 g l-1, yeast extract 4 g l-1, malt extract 10 g l-1, Difco Bacto agar  20 g l-1, R2YE trace element solution 2 ml l-1 (Kieser, 2000) incubated at 30°C.  Samples of mycelia were harvested at 12, 18, 24, 30, 36, 42, 48, 60, 72, 84, 96 and 120 h  ADDIN EN.CITE (Hesketh et al., 2007b). Total RNA was isolated using the RNeasy midi kit from QIAGEN for purification according to the supplied protocol, including an on-column DNaseI digestion step for 60 minutes at room temperature.  Purified RNA was finally eluted in RNase-free water.

Purified total RNA was processed into labelled and fragmented cDNA for hybridisation to Streptomyces GeneChip arrays according to the manufacturers’ protocol [Affymetrix, Santa Clara, CA, USA www.http://Affymetrix.com].  cDNA synthesis was performed using GC-rich random primers which was then digested with DNaseI and terminally labelled with biotin using terminal transferase which biotinylates ddUTP.  The labelled cDNA fragments could then be hybridised to the GeneChips in a Hybridization Oven model 640 (Affymetrix).  The GeneChips were then washed with streptavidin-phycoerythrin and scanned with a Gene Array Scanner [Affymetrix, California, USA]  ADDIN EN.CITE (Hesketh et al., 2007b).

S.  coelicolor M600 is a prototrophic, plasmid-free derivative of S.  coelicolor A3(2) (Kieser, 2000).  The strain M600 has long terminal inverted repeats (L-TIRs) which are 50 times the length of the 22 kb TIRs of the sequenced S. coelicolor strain M145 and are thought to more accurately represent the original S. coelicolor isolated from the soil before it had been damaged by UV or X-ray mutagenesis  ADDIN EN.CITE (Weaver et al., 2004)


5.3 Affymetrix GeneChip data analysis






5.4 nepA co-expression work























	Relates to level of expression	SCO number	Predicted function			
1	1	SCO4002	putative secreted protein	 	 	 
	0.953	SCO7332	1,4-alpha-glucan branching enzyme.	 	 
	0.946	SCO0652	putative gas vesicle synthesis protein.	 	 
2	0.946	SCO2835	putative membrane protein.	 	 	 
3	0.935	SCO1050	putative DNA protection protein	 	 	 
4	0.932	SCO7675	putative integral membrane protein	 	 
5	0.93	SCO4811	putative integral membrane protein	 	 
6	0.926	SCO0665	putative secreted protein	 	 	 
	0.926	SCO7334	putative trehalose synthase.	 	 	 
7	0.925	SCO5117	putative peptide transport system secreted peptide-binding protein
8	0.924	SCO1143	conserved hypothetical protein	 	 	 




13	0.918	SCO0597	conserved hypothetical protein 	 	 
14	0.917	SCO6029	two-component regulator	 	 	 
15	0.915	SCO0591	putative lysozyme precursor	 	 	 
16	0.914	SCO1240	putative NLP/P60 family protein (putative secreted protein)
17	0.914	SCO7453	putative secreted protein	 	 	 






24	0.909	SCO0509	glycerol kinase 2 (ATP:glycerol 3-phosphotransferase) 




	0.906	SCO0650	putative gas vesicle synthesis protein.	 	 
	0.904	SCO0653	conserved hypothetical protein 	 	 
	0.904	SCO0651	putative gas vesicle synthesis protein	 	 













5.4.1 Experimental design of the transcriptional fusions
In order to monitor the localisation of transcription of nepA, transcriptional fusions were constructed for some of the genes which were found to be transcribed at the same time as nepA.  As the data were taken at one particular time point in the process of differentiation in Streptomyces then we know that at least the mRNA was produced and so assume that the proteins may also be expressed.  
The fact that the genome of S. coelicolor is estimated to encode 7825 theoretical proteins  ADDIN EN.CITE (Bentley et al., 2002) and that the genome is nearly twice the size of E. coli  ADDIN EN.CITE (Blattner et al., 1997)  reflects the complex lifestyle of the organism.  The genes co-expressed with nepA  encode a range of proteins including; membrane proteins, ABC transporters, serine threonine kinases, secreted proteins including signal peptides, a Pol prim (polymerase alpha primase), the WhiE protein I, peptide transporters, DNA protection proteins and ABA-like regulators.  In order to examine the spatial localisation of these genes egfp transcriptional fusions to 35 promoters of genes that temporarily co-transcribe with nepA in S. coelicolor were generated.  As the role of NepA is not completely understood, the co-expression of the 35 genes could potentially provide further insight into the orchestration of developmental in relation to spore production.  
Analysis was also carried out for the sets of genes that are temporarily co-transcribed with sigN.  We did this, because one of the sigN promoters, sigNP1 is upregulated in the stem compartment (Dalton et al., 2007).  Although sigN has another promoter that is constitutively expressed, we were interested to compare the gene sets co-transcribed with either nepA or sigN.  Transcriptional egfp fusions were also constructed to three genes which temporarily co-transcribe with sigN to search for other stem specific signals; these were SCO4821, SCO5460 and SCO5582.  In conjunction with the genes which were expressed with nepA a few genes were chosen which were co-expressed with sigN.  We know that nepA expression depends on SigN either indirectly or directly.  These genes were chosen as a sample of the those which might be expressed temporarily with nepA as SigN expression is predicted to be earlier than expression of nepA.  In this way a gene expression profile might be captured at the same time point as nepA and hopefully also in the subabical stem.
Interestingly there were no genes in the transcriptomics data which temporarily co-expressed with sigN and nepA.  This was a surprising finding but may be explained by the fact that sigN has two promoters and only sigNP1 is active during differentiation and aerial hyphae production.  The transcriptomics data would pick up the transcript from both promoters at the same time which potentially leads to a sum of the two promoters’ activities.   However, some overlap was found for the transcript from nepA and other sigma factors, sigL, sigM and  sigG which  gives us some indication of the their temporal expression profile at least.  The genes which are co-expressed with these sigma factors are shown in the following tables:

Table 5.2 Genes expressing simultaneously with sigG and nepA
Relates to level of expression	 sigG	Relates to level of expression	nepA	Predicted function
0.927	SCO7337	0.907	SCO7337	Hypothetical protein
0.927	SCO0509	0.909	SCO0509	glycerol kinase 2 
0.918	SCO1347	0.908	SCO1347	Putative secreted protein
0.916	SCO1240	0.914	SCO1240	putative NLP/P60 family protein 

Table 5.3 Genes expressing simultaneously with sigL and nepA
Relates to level of expression	 sigL	Relates to level of expression	nepA	Predicted function
0.857	SCO3169	0.902	SCO3169	Hypothetical protein
0.918	SCO0597	0.908	SCO0597	Putative secreted protein
0.826	SCO0509	0.909	SCO0509	glycerol kinase 2 
0.800	SCO1347	0.908	SCO1347	Putative secreted protein

There were no genes co-expressed with both sigM and nepA.

5.4.2 Cloning genes into vector pIJ8660
Each promoter region was designed to be cloned into the inducible expression vector pIJ8660 (Sun et al., 1999) described in 4.2.2. The constructed features of this plasmid allow stable chromosomal integration with a useful promoter-probe system.
Transcriptional fusions between the promoter fragments of the genes of interest were cloned upstream of a promoterless egfp sequence creating a fusion which should contain the transcriptional and translational start sites of the genes of interest. These start points may conceivably coincide with one another.  In order to ensure the essential regions were included and also to consider that transcription may possibly include a further upstream sequence as had been found for nepA, a region of around 400 bp was used in the cloning  ADDIN EN.CITE (Dalton et al., 2007).  To ensure the correct directionality of the promoter region in relation to the egfp gene the primers were designed to include restriction sites which would help to ensure this orientation is achieved.  The PCR product was generated with primers carrying restriction sites designed to incorporate the promoter region into pIJ8660 upstream of egfp.  
The primer design involved a close examination of the ~400 bp fragment to be cloned to ensure there were no duplicate restriction sites for either of the restriction endonucleases planned to be used in this cloning.  Routinely the pair of restriction enzymes used was BamHI and KpnI which correspond to the insertion of a sequence in the correct orientation of the double-digested pIJ8660 plasmid with respect to the egfp sequence.  When either of these sites appeared within the promoter sequence, the primers were designed to include other restriction enzymes which would still allow the promoter region to be cloned into pIJ8660 in the correct orientation.  Other restriction enzymes used included XbaI.
5.5.1 Construction and verification of transcriptional fusions in Appendix 1

5.5.2 Results for microscopy studies in M145 wild-type strain


The aim of this work was to identify the temporal and spatial expression of the genes of each of the 35 S.  coelicolor genes that are temporally co-expressed with nepA and 3 genes which were co-transcribed with sigN.  The spores which had been stored from the successful exconjugants were thawed on ice prior to streaking on SFM alongside a coverslip that was inserted into the media at an angle of 60 degrees.  The spores were then grown at 30 ºC and samples were collected after 40-48 hours growth by gently removing the coverslips.  These were mounted directly onto microscope slides using 20% glycerol and were then viewed using confocal microscopy (see Methods Section 2.7.1.1).   The activation of each of the promoter regions was analysed using confocal microscopy.  The images were obtained from a laser-scanning confocal microscope (Leica TCS SP2 UV system) with a 63x, 1.4NA oil-immersion objective, using the excitation wavelength of 488nm which corresponds to the wavelength emitted by the argon laser used in the confocal microscope.
              The microscopy showed whether the genes were expressed and their spatial distribution.  In this analysis it was possible to differentiate between two different regions to localise the presence of the EFGP signal; some signals were spore specific, in others the signal was seen throughout the aerial and vegetative mycelium.  Fluorescence images were taken beside the corresponding light emission images.  

             The egfp-transcriptional fusions were all grown for 48 hours prior to microscopic analysis, in all cases the EGFP activity was monitored carefully and a control sample of M145 carrying pIJ8660 was used as a reference in order to compensate for autofluorescence.  All signals recorded as “spore specific” gave a strong and positive signal in the spore compartments in the aerial hyphae.  No further subapical stem-specific  expression was found.  There were 20 spore specific promoter activities identified which was interesting and further BLAST searches of these sequences were carried out in order to gain a further understanding of the overall picture of gene expression during sporulation.  

            5.5.3 Details on genes which produced a spore specific signal

             For all the genes of that specifically expressed in the spores, BLAST searches were carried out online at the National Center for Biotechnology Information (NCBI) site (http://www.ncbi.nlm.nih.gov).  Each gene will be mentioned and relevant details included to provide background information and more understanding of some of the cascade of activity occurring at the time of nepA expression.

Microscropy result for egfp-transcriptional fusion for p0509





                         








            SCO0509

SCO0509 encodes a putative a glycerol kinase (ATP glycerol 3-phosphotransferase) belonging to the family glpK2 (EC 2.7.1.30) family.  Glycerol kinase is a phosphotransferase involved in lipolysis, which is the hydrolysis of lipids otherwise known as triglycerides.   Glycerol kinase is a major enzyme needed for the uptake and utilisation of these lipids (Seno and Chater, 1983).  The BLAST searches (carried out online at the NCBI site) revealed that SCO0509 is widely conserved amongst many species.  The amino acid sequence for SCO0509  in S.  coelicolor is 507 aa and is highly similar to many glycerol kinases in other species e.g.  Mycobacterium tuberculosis TR: O69664 (EMBL; AL022121).  In analysing the BLAST searches amongst the Streptomyces species it appears that the sequence is highly conserved as the homologues mainly have E values of 0 showing their close relationship.  Interestingly the least related species was found in S.  scabies (SCAB73291) which has an E value of 1e-173 and a score of 602/1036 which is a 58% identity.  

The enzyme’s role in the regulation of glycerol uptake and metabolism which catalyses the transfer of a phosphate from ATP yielding ADP and glycerol 3-phosphate 

                             ATP + glycerol = ADP + glycerol 3-phosphate


Most bacteria can use various substrates as sources of carbon often in a preferential manner to utilise the substrate which is potentially the most accessible or allows the organism to maintain the fastest growth.  In order to do this other carbon utilising uptake systems are repressed, this is called carbon catabolite repression (CCR) which can be achieved by various regulatory mechanisms including transcription activation, repression and control of translation (Kwakman and Postma, 1994).  In S.  coelicolor (CCR) is totally dependent on glucose kinase (Glk) which plays a dual role in metabolism and regulation.  The activation of Glk is itself controlled posttranslationally in a glucose transport-dependent manner  ADDIN EN.CITE (van Wezel et al., 2007).
In assessing the genome of S.  coelicolor to gain an understanding of the carbohydrate uptake systems, 81 ATP-binding cassette (ABC) permeases were found, 45 of which encode a putative solute binding protein which is an essential component in carbohydrate permease function (Bertram et al., 2004).  The ABC permeases may also be used for drug export.  The genome of    S.  coelicolor holds 53 different potential carbohydrate uptake systems which allow them to efficiently utilise many organic compounds as their substrate for survival.
The carbohydrate-specific ABC systems are oligoprotein assemblies with a membrane-bound substrate binding protein exposed to the outside of the cell so that it can scavenge for particular substrate molecules.  The other components of the protein are integrated into the membrane, typically in 12 transmembrane segments providing the transport channel.  The energy for uptake is provided by an intracellular ATPase (Bertram et al., 2004).

SCO0601 
Microscopic study of pSCO0601-egfp transcriptional fusion
The result from the transcriptional study showed the activity of the promoter was specific to the spores and was absent from the vegetative hyphae or stem compartment (Figure 5.2).   This result suggests that the transcription of SCO0601 takes place in the spore compartment and further analysis on the expressed protein would be interesting.   The protein is predicted to be a secreted protein on the StrepDB web site, however analysis of the sequence at SIGNALP does not verify this prediction. The presence of the transmembrane domain might be important for its localisation to the membrane of the spores. 
       











SCO0601 encodes a protein potentially from the Ku-core subfamily which is related to the eukaryotic DNA binding protein Ku.   The prokaryotic Ku homologues are predicted to form homodimers and may be associated with ATP-dependent DNA ligases as potential components of a double-strand break repair system (Critchlow and Jackson, 1998) .   Ku proteins bind the two broken DNA ends by a process called Non Homologous End Joining (NHEJ) (Downs and Jackson, 2004).   The double-strand breaks (DSBs) can arise during DNA replication or recombination or after exposure to damaging chemicals or radiation (Bowater, 2006).  An alignment for SCO0601 produced after BLAST searches shows a core domain as seen in the prokaryotic YkoV-like proteins encoded in B.  subtilis which are highly similar to the eukaryotic Ku70 and Ku80.  The role of the nonhomologous end joining process has been studied in B.  subtilis spores (Moeller et al., 2007) and a ykoV mutant was found to be more sensitive to UV and other ionizing radiations indicating that NHEJ plays an important role during spore germination in repair in DNA double strand breaks.  Although many Ku proteins have been isolated in bacteria their role is still largely unknown
The prokaryotic Ku homologs (Koonin et al., 2000) also present in S.  coelicolor contain three distinct domains: the Ku core domain is conserved in eukaryotes and prokaryotes; a von Willebrand A domain (Sadler, 1998) that is joined to the amino core in the eukaryotic proteins and a recently recognized helix-extension-helix (HEH) in the eukaryotic carboxy region which is also present in S.  coelicolor.  The Ku homolog from S.  coelicolor contains a different version of the HEH domain that belongs to a previously unrecognised family of nucleic-acid-binding domains, which also includes HEH domains from the bacterial transcription termination factor Rho, bacterial and eukaryotic lysyl-tRNA synthetases, bacteriophage T4 endonuclease VII, and several uncharacterized proteins  ADDIN EN.CITE (Aravind and Koonin, 2001).  The BLAST search revealed that the sequence for SCO0601 was OrfB, a Ku-type protein. The alignment shows a core domain as seen in the prokaryotic YkoV-like proteins encoded in B.  subtilis which are highly similar to the eukaryotic Ku70 and Ku80  ADDIN EN.CITE (Weller et al., 2002).  Further  BLAST  analysis revealed that homologues are seen in species such as Kribbella flavida, DSM 17836 (SACE_3550) with an E value of 1e-83 and Thermosinus carboxydivorans Nor1 (TcarDRAFT_0620) with an E value of 4e-56.  In the BLAST search analysis for homologues to SCO0601 in Streptomyces species alone showed that homologues are present in many species and the sequence is conserved, the E values range from 0 to  4.1 e-34 for S.  ghanaensis.  
The bacterial Ku proteins are generally smaller than their eukaryotic counterparts; the conserved domain seen in eukaryotes and prokaryotes is predicted to involve heterodimerisation and DNA binding  ADDIN EN.CITE (Dynan and Yoo, 1998).  It is predicted that the prokaryotic Ku homologues form homodimers with two copies of the same protein bound together and that they are sometimes associated with ATP-dependent DNA ligase and the eukaryotic-type primase which most likely form the essential factors for double-strand break repair systems  ADDIN EN.CITE (Aravind and Koonin, 2001).








   SCO0601      --MARAIWTGVITFGLVSVPVGLFTATEDHTVHFHQLQRGTSDRIRNRRVNERTGKEVDA 58
  SCO5309      VLHVRSIWNGAISFGLVSIPIKLVNATESHSVSFRQIHTEDGGRIRYRKVCELEDREVTQ 60
                  .*:**.*.*:*****:*: *..***.*:* *:*::   ..*** *:* *  .:**  

  SCO0601      DDIVKGYEVSEGEYVVVQPEELDEIAPGRSRTLEITDFVDLDRIEPVYFGRTYYLAPRGK 118
  SCO5309      AEIGKAYEDADGSMIPITDEDLSQLPIPTARTIEIVAFVPEDRIDPLQMGSAYYLAASGA 120
                :* *.** ::*. : :  *:*.::.   :**:**. **  ***:*: :* :****. * 

  SCO0601      EYLKVYELLRTALADTGKAGVATFVMRNRQYLTALRAEDRVLLLQTLHWADEVRDPVEEL 178
  SCO5309      PAAKPYTLLREALKRSNRVAIAKFALRGRERLGMLRVVGDAIAMHGLLWPDEVRAPEGVA 180
                  * * *** **  :.:..:*.*.:*.*: *  **. . .: :: * *.**** *    

  SCO0601      PELPSDRVGRGKELDMALRLVDALSGDWEPARYRDTYQDKVRELVRAKAEGEEVAVAEEA 238
  SCO5309      PEG--GVTVRDQELDLADALMDTLG-EIDLDDLHDEYREAVEEVVAAKASGEKPPEAREE 237
               **   . . *.:***:*  *:*:*. : :    :* *:: *.*:* ***.**: . *.* 

  SCO0601      PGATNVVDLMEVLRGSLEQAKGAGTGGKRSAASRKKATEPSRR-----TPAERGGLRELS 293
  SCO5309      AAPGKVLDLMAALESSVRAARESRDGEGAGPAEEAEVRSLSRRKTSSRAPKETGGKKSTS 297
               ... :*:*** .*..*:. *: :  *   ..*.. :. . ***     :* * ** :. *

  SCO0601      KAELYRRATEQG-------IAGRSKMSRQELVDALTDRDHGRGRGTGSGSRGRRKKTTTA 346
  SCO5309      TAAKKTAAKRAEPKKSTAKAAGSAKKTAAGSPAKGTAKKATARSTARSGDKGAAKSTAKK 357
               .*     *..          ** :* :        * :.      : **.:*  *.*:. 

  SCO0601      A------- 347














The analysis of the SCO0601 homologues using SMART  (Simple Modular Architecture Research Tool) allows the identification and annotation of  domains and their architectures.  These domains are annotated with respect to phylogenetic analysis, functional class, tertiary structures and residues known to have important functions.  Each domain found in a non-redundant protein database as well as search parameters and taxonomic information are stored in a relational database system (Schultz et al., 1998).  The analysis of the three sequences showed that SCO0601 has a transmembrane regions suggesting that it may be embedded in the membrane, the others do not.










      

SCO0649  encodes as a putative gas vesicle synthesis protein as is SCO0665 so both will be discussed in this section.  
SCO0649 encodes a putative gas vesicle synthesis protein involved in gas vesicle organisation.  The gene encoding SCO0649, gvpA2 is the first gene in the large operon containing genes up to SCO0658 including gvpA2, F2, G2, J2, L2, S2 and K2.  The gas vesicle envelope is made up from amphipathic proteins with a ribbed outer covering which consists of seven proteins.  These gas vesicle proteins are encoded by the gvp genes of which SCO0649 forms a part.  Genetic studies have indicated that there are at least 14 genes involved in gas vesicle formation (van Keulen et al., 2005).

The transcriptional fusion was made to PSCO0649 and resulted in a spore specific signal as shown in Figure 5.5.  The transcriptional activity is due to activity of the promoter upstream of the first gene of the putative operon containing the gas vesicle synthesis genes.  Looking at the results of the transcriptomics data for other genes which were co-expressed at around the same morphological time point includes many of the other genes in the operon; SCO0650, SCO0651, SCO0652, SCO0653, SCO0654 and SCO0655.   

Microscopic study of pSCO0649-egfp transcriptional fusion
The microscopic images revealed that the p0649 fusion showed transcriptional activity in the spore compartment alone.  The image in 5.5 shows this quite clearly as the presence of the vegetative mycelia is lacking any EGFP signal.  The spore compartments are mature as can be seen by their rounded shape.


    














Gas vesicle synthesis proteins were first isolated in bacteria and archea (Walsby, 1994).  BLAST searches for SCO0649 reveal similarity to archaeal GvpO gas synthesis proteins (Englert et al., 1992).  The Streptomyces species which do not contain the gas vesicle synthesis protein are       S.  sp SPB74, S.  roseoporus N11379 and N15998 and S.  sp.  Mg1.  The BLAST search analysis revealed that the sequence is prevalent amongst Streptomyces species but is also found in Methanosaeta thermophila PT, Rhodococcus jostii RHA1 and a Halobacterium salinarum plasmid to list a few other species.  The E values for these homologues are  7e-09, 3e-07 and 1e-06 respectively.  
Gas vesicles are gas-filled organelles that normally function as flotation devices, used by some non-motile bacteria like cyanobacteria to position themselves in the water column to optimise their use of nutrients and light by aiding the flotation of the mycelia (Walsby, 1994).  Few terrestrial microbes are known to contain gas vesicles but recent analysis has found gas vesicle gene clusters in Streptomyces, Frankia and Rhodococcus all of which typically live in soils and sediments.  The gas vesicle genes normally occur in aquatic prokaryotes but the presence of the genes may indicate their use at some point in buoyancy or dispersal.  Examination of gvp mutants (van Keulen et al., 2005) found that the Streptomyces cultures still floated, but as the promoter activity for SCO0649 and SCO0665 were both found to be active in the spores we predict that this might suggest a role in buoyancy of the spores not the mycelia.  
It is intriguing to wonder where Streptomyces makes use of gas vesicles which are aggregates of hollow cylindrical structures.  They are permeable to gas and the inflation and deflation of the vesicle determines the buoyancy of the bacteria as it floats in the water.  The volume of gas appears to be related to oxygen saturation (van Keulen et al., 2005).  The transcriptomics data recorded for expression of SCO0649 at the same time as nepA indicating that these proteins are in use at the same time.


Microscopic study of PSCO0692-egfp transcriptional fusion

The microscopy studies revealed that the promoter for this gene appears to be active in the spores again Figure 5.6.  No signal found in the vegetative mycelium or stem.






SCO0692 encodes a putative membrane protein of unknown function of about 50 kDa whose close homologues are specific to Streptomyces.  The BLAST searches reveal homologues in S.  lividans, S.  griseus, S.  viridochromogenes and S.  pristinaepiralis.  The sequence is rich in alanines and contains possible membrane-spanning hydrophobic regions.  PSI-iterative searches reveals some homology to ribonucleases in the species Burkholderia ambifaria  where the Rne/Rng (rng encodes RnaG and rne encodes RnaE) family shows a similarity to SCO0692 sequence at an E value of 3e-04.   The Rne/Rng family is involved in ribonuclease activity also in E.  coli  ADDIN EN.CITE (Umitsuki et al., 2001).  The rng gene (previously called cafA) encodes a novel RNase, named RNase G, which is involved in the 5' end-processing of 16S rRNA  ADDIN EN.CITE (Umitsuki et al., 2001).   The S.  coelicolor gene SCC88.10c (SCO2599) encodes a protein (RNase ES) which is homologous to endoribonucleases in the RNase E/G family (Inagawa et al., 2003).  BLAST search or SCO2599 against the S.  coelicolor genome at StrepDB found SCO0692 to share homology to SCO2599 with an E value of 3e-05.

            Microscopic study of PSCO1050-egfp transcriptional fusion

             The transcriptional studies revealed a spore specific activity site for the promoter of the gene SCO1050 Figure 5.7.  
.  








SCO1050 encodes a putative DNA protection protein.  The sequence is conserved in many species of bacteria including Streptomyces.  It is similar to the E.  coli DNA protection during starvation protein Dps (EMBL:X69337).  Other species holding close homologues to SCO1050 include Nocardiopsis dassonvillei subsp.  Dassonvillei (NdasDRAFT_3880) with an Expect value of 1e-87 and Anabaena variabilis ATCC 29413 (Ava_4423) with an E value of 7e-16.
The DNA-binding proteins from starved cells (DPS) are a family of proteins whose expression is induced in bacteria and other organisms by oxidative or nutritional stress.  The DPS protein binds and protects DNA against oxidative damage mediated by H2O2.  DPS is shown to be a Fe-binding and storage protein when Fe(II) oxidation has been produced as a result of the action of H2O2  ADDIN EN.CITE (Facey et al., 2009).  Reactive oxygen species can damage many cellular components and DNA is a particularly sensitive target for these agents.  Studies in E.  coli showed the effect of the inducible Dps protein which, in this case was seen to be a non-specific DNA-binding protein against the action of the reactive oxygen species (Martinez and Kolter, 1997).  The reactive species are degraded and repair of the damaged DNA can be brought about by  Dps-like proteins which are found in most bacterial genomes and often provide DNA protection in two ways: E.  coli Dps studies showed the presence of a crystalline structure during stationery phase which results in nucleoid hypercondensation  providing a physical protective barrier to the DNA (Almiron et al., 1992).  Secondly stress induces increased levels of Dps which contain a ferroxidase centre which can protects the DNA by providing a centre for chelating activity helping to prevent the formation of free radicals (Zhao et al., 2002).
However, more recent studies in S.  coelicolor dispute the claim that Dps proteins actively degrade reactive oxygen species and suggest that this action is brought about by an alternative route  ADDIN EN.CITE (Facey et al., 2009).  The analysis of the Dps-like orthologues in S.  coelicolor shows three Dps-like genes: dpsA (SCO0596), dpsB (SCO5756) and dpsC (SCO1050).  The ferroxidase centre which defines the Dps proteins is found in the S.  coelicolor dps genes and classifies them as Dps-like proteins  ADDIN EN.CITE (Roy et al., 2008). The study by Facey  ADDIN EN.CITE (Facey et al., 2009) found that disruption of the dps genes resulted in irregular condensation of the spore nucleoids which are related to the spaces between the spore septa, the dpsC mutant showed a regular increase in nucleoid compaction with a rounded shape nucleoid in comparison to M145.  In these experiments the effect of oxidative and osmotic stresses on Dps expression was monitored using His-tag fusions for the three dps genes.  The results of these experiments revealed that the Dps proteins do not uppear to be upregulated during oxidative stress indicating that they do not play a part in this stress response  ADDIN EN.CITE (Facey et al., 2009).

            SCO1143

The BLAST search revealed that SCO1143 encodes a protein which belongs to the COG1559  or yceG-like superfamilies.  The YceG family is found in many bacteria  ADDIN EN.CITE (Jhee et al., 2000).  The COG1559 superfamily contains aminodeoxychorismate lyase proteins which are precursors in folic acid biosynthesis in bacteria.  This enzyme belongs to a family of lyases, specifically the oxo-acid-lyases, which cleave carbon-carbon bonds.  The sequence is conserved in many organisms, the closest being Carboxydothermus hydrogenoformans  (CHY_0547) which shows a 88/241 or 36% identity.  The sequence is found to be highly conserved in Streptomyces, the lowest identity is again found in S.sp Mg1 according to data at the NCBI.

Microscopic study of PSCO1143-egfp transcriptional fusion
The transcriptional egfp analysis of the gene SCO1143 found it to be active in the spore chain and not present in the vegetative mycelium or stem Figure 5.8.
                   
  












Folic acid and its derivatives are synthesised from P-aminobenzoate (PAB) and a pteridine intermediate.  PAB is usually derived from chorismate by aminodeoxychorismate lyase and aminodeoxychorismate synthase.  These enzymes catalyze the reaction:
            4-amino-4-deoxychorismate 4-aminobenzoate + pyruvate

So the substrate for the enzyme is 4-amino-4-deoxychorismate and the products are 4-aminobenzoate and pyruvate.
The genes have been characterised in a Streptomyces species FR-008  where P-aminobenzoic acid (PABA) or its immediate precursor, 4-amino-4-deoxychorismate (ADC) is involved in primary metabolism and antibiotic production (Zhang et al., 2009).  Recent work has examined the pathways involved in the production of the essential vitamin menaquinone which is synthesised by chorismate by seven enzymes  ADDIN EN.CITE (Hiratsuka et al., 2008) (Dairi, 2009).  Menaquinone is essential for respiration in prokaryotes and as is it produced by alternative pathways in microorganisms to humans this may provide an attractive target for drug therapy for disease.


             SCO1240 encodes a putative secreted protein belonging to the NLP/P60 family of proteins.  The promoter construct was successfully cloned and the microscopy revealed no EGFP signal indicating that the promoter was not active or the activity was not discernible (figure 5.9).











SCO1347 is predicted to be a possible membrane protein of 254 aa length containing an N- terminal signal sequence as verified by the SIGNALP server with a putative membrane-spanning hydrophobic region in the C-terminus.   The function of this protein is unknown but the transcription and potentially expression is spore specific.  In  S.  scabies the homologue encodes a lipoprotein with an E value of  1 e-9. The protein encoded by SCO1347 has a putative nucleotide binding region.


Microscopic study of PSCO1347-egfp transcriptional fusion
The spatial localisation for PSCO1347 shows that the gene was transcribed in the spores (Figure 5.10).

















SCO1668  encodes a hypothetical protein of 262 amino acids that bears some resemblance to a family of ABC (ATP-binding cassette) transporters which are responsible for translocation of a variety of substrates across biological membranes.  ABC transporters are transmembrane proteins that use the energy of ATP hydrolysis to carry out various processes of translocation of substrates across the membrane.  The sequence is highly conserved in many Streptomyces species.  The sequence also shows similarity of 52% with an Expect value of 2e-67 to a gene found in Methylococcus capsulatus  str.  Bath at a locus tag of MCA1189, both the SCO1668 and MCA1189 hold rubrerythrin motifs.  The study of rubreythrin motif reveals it to be a four-helix bundle closely resembling those of ferritin and suggests that they have a similar function of ferroxidase activity (deMare et al., 1996) potentially playing a role in free radical scavenging  ADDIN EN.CITE (Kawasaki et al., 2009).  Studies of genes encoding rubrerythrin motifs were thought to protect Chlorobaculum tepidum, from reactive oxygen species  found that the mutant species was far more susceptible to antioxidants as the gene encoding rubrerythrin and also others form a significant protective role in the organism (Li et al., 2009).

Microscopic study of PSCO1668-egfp transcriptional fusion




SCO2030 encodes a hypothetical protein of unknown function.  The sequence shows a weak homology to ADP_ribosyl_GH (ADP ribosylglycohydrolase). One example of this is the ADP-ribosylation of the dinitrogenase reductase component of the nitrogenase enzyme complex (Fitzmaurice et al., 1989).  ADP-ribosylation is a posttranslational modification of proteins that involves the addition of one or more ADP-ribose moieties (Ziegler, 2000).

Microscopic study of PSCO2030-egfp transcriptional fusion











The fusion of the egfp sequence to the promoter for SCO2030 showed that the transcriptional activity took place in the vegetative mycelia Figure 5.12.   The aerial hyphae shown in the light microscopy picture does not have EGFP activity. 


            SCO2835


             SCO2835 encodes a putative membrane protein regions of which show similarity to proteins belonging to the NLPC_p60 and PG_binding_1 superfamilies (Anantharaman and Aravind, 2003).  The NLPC family defines a family of cell wall peptidases and are present in many species of bacteria and are known to hydrolyse N-acetylmuramate-L-alanine linkages (Anantharaman and Aravind, 2003).  Further assessment of the sequence for SCO2835 shows a Pfam value Expect value of 0.00039 for part of the sequence to belong to this family of proteins.
The sequence for SCO2835 also contains a putative peptidoglycan binding domain having a 53% similarity to a peptidase-binding domain protein 1 from Streptomyces ACTE  ADDIN EN.CITE (Mishima et al., 2005). The SCO2835 sequence was analysed at PFAM (http://www.sanger.ac.uk) and confirmed to have peptidoglycan binding domain with an Expect value of 0.0042.   Peptidoglycan binding domains have a general binding function as their name describes  ADDIN EN.CITE (Briers et al., 2007).  The proteins have a core containing a three helical structure.  The domain is found in many of the proteins that are involved in bacterial cell wall degradation examples include CwlC (cell wall lytic N-acetylmuramoyl-l-alanine amidase) found in B.  subtilis which is responsible for mother cell wall degradation  ADDIN EN.CITE (Mishima et al., 2005) (Finn et al., 2008).  

             The coding sequence for SCO2835 shows considerable homology to proteins in all the Streptomyces sequences analysed where the lowest Expect value was obtained for S.  sp Mg1 (SSAG_06332) with  a value of 3.0 e-8 .  

Microscopic study of PSCO2835-egfp transcriptional fusion





                                   


           

             SCO3040

SCO3040 encodes a secreted protein with a signal peptide as predicted using SIGNALP (Emanuelsson et al., 2007) (output graph not included).  The SIGNALP server detects that the 416 aa sequence is cleaved at position 27.  BLAST searches reveal that SCO3040 is predicted to belong to the family of proteins known as peptidoglycan recognition proteins (PGRPs) (Montano and Satta, 2004).  They can bind to peptidoglycans (PGNs) and in some cases hydrolyse them in the bacterial cell walls.  The (PGRPs) can be divided into three classes: short, that are 20kDa, intermediate that are 40-45kDa with a transmembrane domain and long, up to 90kDa.  The sequence for SCO3040 indicates that it falls into the short extracellular PGRP group.  Searches at Pfam (http://Pfam.sanger.ac.uk) found a PfamA match to an Amidase-2 domain between 243 and 397 aa.  of the sequence.  The C-terminal region of SCO3040 has a peptidoglycan recognition domain with some amidase activity.   Amidase refers to N-acetylmuramoyl-L-alanine amidase which is an autolytic enzyme bound to the surface of bacterial cell walls which catalyses the hydrolysis of the link between N-acetylmuramoyl residues and L-amino acid residues in certain bacterial cell-wall glycopeptides particularly peptidoglycan (Potvin et al., 1988).  

Microscopic study of PSCO3040-egfp transcriptional fusion
The activity of PSCO3040-egfp again appears exclusively in the mature spore compartment.  The microscope image in 5.14 shows an aerial hyphae still attached to the vegetative mycelia where no EGFP activity is visible.








The chemical reactions and pathways resulting in the breakdown of peptidoglycans is  carried out by a number of enzymes called autolysins, N-Acetylmuramoyl-L-alanine amidases, which constitute the major autolysins group which are capable of hydrolysing the cell wall.  They have also been found to be associated with cell separation, competence and cell wall turnover.  CwlC amidase, an N-acetylmuramoyl-L-alanine amidase, is secreted from sporulating B.  subtilis cells which can hydrolyze vegetative cell walls and spore peptidoglycan  ADDIN EN.CITE (Mishima et al., 2005).  It would be interesting to monitor the phenotype of a knockout mutant of SCO3040 to assess its exact role.

            SCO3169

Microscopic study of PSCO3169-egfp transcriptional fusion
The microscopy image included in Figure 5.15 shows no EGFP activity.  Not all negative results will be recorded.









             SCO3169 encodes a small protein of 75 aa with an unknown function.  Interestingly the sequence contains an unusual amino acid composition with an excess of Arg, Asp and Gln residues.  The sequence is so short that BLAST search analysis is problematic.  The only result gained was when the word size was changed to 2 and the Expect threshold was 100 and then the closest finding was a centriole proteome protein from Chlamydomonas reinhardtii with 87% coverage but an Expect value of 13.  Interestingly, for comparison purposes a BLAST search was carried out at UniProt (the Universal Protein Resource is a comprehensive resource for protein sequence and annotation data (Consortium, 2010) which found a 44% and 1 e-5 identity to a TonB family of proteins from Alkalilimnicola ehrlichei.  The TonB family is suggested to be involved in membrane protein transport (Postle and Good, 1983).

             An alignment was carried out using ClustalW for TonB from A.  ehrlichei against the SCO3169 sequence Figure 5.16.  showing 22/333 identity or 6.6% which is very low but the similarity of the sequences over the SCO3169 sequence is interesting and worth consideration.


   SCO3169      ------------------------------------------------------------
   A_ehrlichei  MTPPERPKGARQTPPVRPGRYVAASILLHVLIFGLFFANVSLLPQATEEHAGDGEIIEAF 60
                                                                               

   SCO3169      -----------------------------------MGMKDQFQDKAERMQQQGKQRAEQA 25
   A_ehrlichei  AVDEEVAMAPIREREAAEEEARRQAEEERRRQEEEQRRREAERREQERLEQQRREEAEQA 120
                                                      ::  : : **::** ::.****

   SCO3169      RDQFQNRDRR-------------RDEDEIDPSSPASRRRESE----HQDPSSRRRDEDER 68
   A_ehrlichei  RREAEEQARREEERRQQEEAERLRREEEQRRQEEEERRRQEEERRRQEEEERQRQEEERR 180
                * : ::: **             * *:*   ..   .***:.*    ::: .  :*::*:.*
  
   SCO3169      LQDSFDA----------------------------------------------------- 75
   A_ehrlichei  RQEELERQRQEEERRRQEEAERQRQEEERRRQEELERQRQAEERARQEAIEAERRAREVQ 240
                 *:.::                                                      

   SCO3169      ------------------------------------------------------------
   A_ehrlichei  QTVGSYAGRISAELRRAWVRPSGTPAGLEALVRIRLSRHGDVQEVTITRGSGNDAFDASV 300
                                                                             

   SCO3169       ---------------------------------








            
SCO4001 
SCO4001 encodes a putative hypothetical protein of 291 aa.  A Pfam (http://Pfam.sanger.ac.uk ) search reveals two positive Pfam A matches.   The sequence is predicted to have a DNA polymerase α-primase (prim-pol)  N terminal from 16 to 204 with an E value of 5.7e-32 together with a primase C terminal domain of    5.4 e-07 from 226 to 289.  The pol prim family appears in a diverse range of species.  The most divergent sequence was found from the NCBI BLAST in Clostridium thermocellum ATCC 27405 (Cthe_1986) at an Expect value of 4e-04 and a 75% identity.  The closest homologues are found in Streptomyces species.  At the Broad Institute the BLAST search found no SCO4001 homologue adjacent to the SCO4002 homologue in S.  sp C or S.  albus but a further BLAST search at NCBI found a SCO4001 homologue in S.  albus J1074 a(SSHG_03382) with an Expect value of 1e-12 and a 75/202 identity or 37% identity.  The result is included here to illustrate the need to cross check sequence analysis.

Microscopic study of PSCO4001-egfp transcriptional fusion


                    







The fact that the SCO4001 sequence is divergent from  SCO4002  in the majority of the Streptomyces sequences analysed is very interesting and would suggest that their roles may be linked.  On assessing the original transcriptomics data for genes co-transcribed with nepA we found that the expression patterns for nepA and SCO4001 were similar but the statistical Gene Spring analysis gave a value of 0.8 for SCO4001 which was outside the threshold chosen for our study.





In aligning the SCO4001 sequence against the consensus pol-prim sequence at SMART (Schultz et al., 1998) gives a 60% consensus..  Human pol-prim enzyme is recognised in having four subunits made up of two 180 kDa and two 68 kDa  ADDIN EN.CITE (Schub et al., 2001) units.  The pol-prim from S.  coelicolor has one unit of approximately 20 kDa and another of 7 kDa and is more similar to the pol-prims found in bacteria, viruses and archaea  ADDIN EN.CITE (Iyer et al., 2005).







Microscopic study of PSCO4811-egfp transcriptional fusion


















             
            SCO4821
             
Microscopic study of PSCO4821-egfp transcriptional fusion

The EGFP studies on the promoter of this gene showed the activity to take place in the spore chain, no activity was seen in the vegetative mycelium or stem compartment Figure 5.21.









SCO4821 is in an operon with SCO4820 which is a putative serine threonine kinase, The protein encoded by SCO4821 is itself uncharacterised, but BLAST searches [carried out online at the NCBI site] reveal that it belongs to the family of FHA (forkhead associated) superfamily  of transcription factors (Hammet et al., 2003).  FHA domains are signal transduction modules, which recognize phosphothreonine containing peptides on ligand proteins.  They are also found in several nuclear protein kinases, transcription factors, and other proteins.  Several of these proteins are involved in cell cycle regulation.  FHA domains share sequence identity with five loop residues and they all fold into a beta-sandwich of two beta-sheets.  The conserved arginine and serine of the recognition loops recognize the phosphorylation of the targeted threonine (Liang and Van Doren, 2008).  The FHA domains are protein-protein interaction domains that are specific to phosphophoproteins which may explain the presence of the two genes SCO4820 and SCO4821 in the same operon.  The Ser/Thr phosphorylation is a crucial regulatory mechanism in bacteria (Alderwick et al., 2006) and the FHA domain plays a role in monitoring the phosphorylation of the threonine residues.  The phosphorylation process acts in two ways; either by allowing two proteins to snap together in a specific place, or as a switch which triggers a conformational change.  The FHA  specifically depends on phosphothreonine, replacement with phosphoserine actually blocks binding (Brooksbank, 2001).

            
Microscopic study of PSCO5117-egfp transcriptional fusion
The EGFP studies on the promoter of this gene showed the activity to take place in the spore chain Figure 5.22, no activity was seen in the vegetative mycelium or stem compartment.








SCO5117 encodes a protein that is involved in the active transport of solutes across the cytoplasmic membrane.  The sequence is similar to a putative peptide transport peptide-binding protein, OppA in B.  subtilis with an Expect value of 2.5e-28; 26.1% identity in 552 aa overlap.   OppA is an oligopeptide-binding protein precursor (Perego et al., 1991).  The uptake of peptides is carried out by a family of homologous oligopeptide or dipeptide transporters in bacteria.  Extracellular solute-binding proteins of bacteria serve as chemoreceptors, recognition components of transport systems, and initiators of signal transduction pathways.  BLAST searches for SCO5117 reveals the gene to belong to the family of bacterial solute binding. The family  currently includes periplasmic oligopeptide-binding proteins in Gram-negative bacteria and homologous lipoproteins in gram-positive bacteria (OppA, AmiA and AppA).  The sequence is conserved in many organisms and is not specific to S. coelicolor.

OppA guides oligopeptide substrates to the membrane-bound oligopeptide permease (Opp) which is a multi-component ABC-type transporter (Payne and Smith, 1994).  A typical prokaryotic ABC transporter usually consists of three components; two integral membrane proteins each one has six transmembrane regions, two surface proteins that bind and hydrolyze ATP, and a periplasmic (or lipoprotein) substrate-binding protein.  The ABC-type systems have a multitude of roles, one of which is gene regulation, intercellular signalling, competence development and interestingly sporulation (Perego et al., 1991) and cell wall synthesis  ADDIN EN.CITE (Park et al., 1998).  An important role of the Opp system in Gram negative bacteria is the recycling of cell wall peptides (Park, 1993).  The studies by Perego (Perego et al., 1991) on B.  subtilis on the spo0K locus which is homologous to the opp locus found that the spo0K mutants were.  The mutants were blocked in the first step of sporulation.  Their studies revealed that OppA was associated with the cell wall during exponential growth but was released into the medium in stationary phase.  As the role of the Opp system is the recycling of cell-wall peptides the proposition is that the accumulation of these peptides may play a role in the initiation of sporulation, and the lack of the sporulation is due to the inability of the Opp system to transport the relevant peptides (Perego et al., 1991).  
In aligning the spo0K locus genes of B.  subtilis against S.  coelicolor, the oppA gene in B.  subtilis is similar to SCO5117 by an Expect value of 7e-42 and oppB is similar to SCO5118 by an Expect value of 5e-52.  ScoCyc suggests that only SCO5117 and SCO5118 are in a transcription unit, but further alignments of B.  subtilis genes oppC and oppD which are contained in the Opp locus show alignments to SCO5119 and SCO5120 by Expect values of 3e-53 and 5e-98 respectively suggesting that the Streptomyces genes also form an operon.


             SCO5309

SCO5309 encodes a conserved hypothetical protein of length 365 aa of unknown function which is similar to hypothetical proteins from M.  tuberculosis, B.  subtilis and Archaeoglobus fulgidus.   BLAST search reveals  that the sequence falls into the Ku family of proteins.  Ku proteins have been discussed under SCO0601 and will not be reviewed here.  It is interesting to note that at the time of aerial hyphae development two out of 42 genes which were co-transcribed with nepA were the genes expressing Ku proteins.  The sequence analysis at SMART (Schultz et al., 1998) shows that SCO5309 contains a Ku78 domain.

Microscopic study of PSCO5309-egfp transcriptional fusion






               






SCO5320 encodes a 42.8kDa protein in the WhiE locus.  It is involved in antibiotic production playing a role in oxidoreductase activity.  SCO5320 encodes the whiE protein I,ORF1.  The whiE gene cluster of S.  coelicolor is related to genes encoding the biosynthesis of polycyclic, aromatic, polyketide antibiotics which determine the grey spore pigment (Davis and Chater, 1990).  The whiE genes are transcribed during the sporulation phase of aerial hyphae production (Kelemen et al., 1998) and whiE ORF1 is predicted to encode a protein   involved in targeting the spore pigment to the correct cellular location (Yu and Hopwood, 1995).  

Microscopic study of PSCO5320-egfp transcriptional fusion 

The egfp transcriptional study reveals the promoter activity takes place in the spores.  The figure in 5.24 shows a mature aerial hyphae which has developed spore chains and the EGFP activity is exclusive to the spores.  










Pfam  (http://Pfam.sanger.ac.uk) searches of the amino acid sequence of SCO5320 reveal an antibiotic biosynthesis monooxygenase (ABM) domain with an Expect value of 5e-18  ADDIN EN.CITE (Sciara et al., 2003).  The monoxygenases are in involved in the biosynthesis of antibiotics which can carry out oxygenation without the assistance of any further prosthetic groups like metal ions or cofactors normally associated with activation of molecular oxygen  ADDIN EN.CITE (Sciara et al., 2003).  The Pfam search also shows the gene encoded by SCO5320 has a SchA_CurD like domain which is known to be involved in the production of the polyketide spore pigments.  Their function is unknown but it has been speculated to contain a NAD(P) binding site  ADDIN EN.CITE (Blanco et al., 1993).  The CurD domain is found in monooxygenases involved in the biosynthesis of several antibiotics and is also seen in the protein encoded by SCO1909.  It is suggested that these proteins act as multimers and as they contain a conserved histidine residue this may form an active site (Yeats et al., 2003).
Polyketides are secondary metabolites with a diverse range of biological activities and pharmacological properties including the obvious antibiotic role.  These secondary metabolites are produced when growth has slowed down and as many sporulating organisms produce antibiotics it is very likely that they are involved in differentiation and may directly be involved in spore production.  The link between antibiotic production and sporulation is challenging to comprehend; inhibitors of sporulation such as ethyl malonate and fluoroacetate also inhibit antibiotic formation.  Antibiotic-negative B. subtilis mutants are normally incapable of sporulation (Sarkar and Paulus, 1972).  

            SCO5460 
Microscopic study of PSCO5460-egfp transcriptional fusion













SCO5460 encodes a protein belonging to the family which includes histidine kinases, DNA gyrase ands HSP90-like ATPases as revealed by the Pfam (http://Pfam.sanger.ac.uk) search.  Data at the StrepDB site proposes that there is a similarity between SCO5460 and an AbaA-like regulatory gene (Fernandez-Moreno et al., 1992a). AbaA-like regulatory proteins contain a putative DNA binding motif and predicted to act as transcription factors.  BLAST search reveals a putative similarity to the conserved HATPase-c superfamily. The domain HATPase is found in many ATP-binding proteins.  The ATPases are involved in ATP hydrolysis and the translocation of proteins across membranes.  The domain is also found in several ATP-binding proteins like DNA gyrase B, topoisomerases  ADDIN EN.CITE (Bellon et al., 2004) and heat shock proteins (Immormino et al., 2004).

The abaA gene from Aspergillus nidulans encodes a transcription factor containing a DNA-binding motif and is required for the terminal stages of conidiophore development  ADDIN EN.CITE (Andrianopoulos and Timberlake, 1994).  Their studies revealed that expression of AbaA led to activation of further developmental genes which regulate the expression of other spore-related genes and the termination of vegetative growth.
       
SCO5582
Microscopic study of PSCO5582-egfp transcriptional fusion

The egfp-transcriptional fusion showed that the promoter for the gene encoded by SCO5582 was active in the spore compartment (Figure 5.26).








The gene SCO5582 encodes is a putative regulator similar to other sporulation associated proteins from  S.  coelicolor.  The sequence shows a 100% identity to NsdA which is a negative regulator found in S.  lividans which controls the normally silent gene cluster for actinorhodin biosynthesis (Aydin et al., 2006).  The regulator is highly conserved in streptomycetes.
SCO5582 has also been denoted with the title nsdA (negatively affecting Streptomyces differentiation) after finding the protein encoded by nsdA plays a role in negatively regulating actinorhodin synthesis in S.  bingchengensis (Wang et al., 2009b).  The nsdA gene product in                    S.  bingchengensis is 89% identical to the S.  coelicolor homologue at SCO5582.  A disruption of nsdA allowed premature expression of actinorhodin and other antibiotics and caused overproduction of spores implying that NsdA indirectly represses the expression of the actinorhodin biosynthetic cluster (Yu et al., 2006).   NsdA expression was upregulated during aerial hyphal growth.  NsdA has a protein domain DUF921 of unknown function with a conserved SXR site.  The DUF921 domain is found in several putative regulatory proteins in Streptomyces one of which has an N-terminal HTH-motif which is thought to be involved in regulation of sporulation in S.  griseus (Babcock and Kendrick, 1990).  The SXR site is a putative protein kinase C phosphorylation site (Kishimoto et al., 1985).  This site is highly conserved in NsdA homologues.   A site directed mutation in this site abolished the function of NsdA.  SCO4114 is another nsdA-like gene but disruption of this gene did not lead to the same phenotype  ADDIN EN.CITE (Li et al., 2006).

S.  coelicolor has 3 homologues to the protein encoded by SCO5582, NsdA.  Analysis of the amino acid sequence does not show any HTH binding domains for NsdA which leaves the question of how this protein regulates expression of genes.  It may be possible that the protein binds to other proteins instead.  NsdA also has a TPR-like domain (tetratricopeptide repeat) which may mediate the protein-protein interactions.  A typical TPR motif contains two antiparallel alpha-helices in arrays which form an amphipathic channel that could hold a corresponding region of a target protein.  They are associated with multiprotein complexes and are important in chaperones, transcription and protein transport complexes (Blatch and Lassle, 1999).

            SCO6029

The protein encoded by SCO6029 is a putative two-component regulator  with the LuxR family signature and a putative Rec signal receiver domain.  The signal receiver domains were originally thought to be unique to bacteria and fall into the families; CheY, OmpR, NtrC and PhoB.   The LuxR family is known to be involved in quorum sensing (Demain, 1998).  The receiver domains have been isolated in eukaryotes in  ETR1 Arabidopsis thaliana (Chang et al., 1993).  This domain receives the signal from the sensor partner in a two-component system which contains a phosphoacceptor site that is phosphorylated by histidine kinase homologues.  The Rec or CheY-like phosphoacceptor (or receiver REC) domain is a common module in a variety of response regulators of the bacterial signal transduction systems.  Analysis of 200 bacterial and archaeal species response regulators classified 4,610 regulators from all species which were grouped according to their domain families.  The Rec domains were found to comprise about 14% of the total transcriptional regulator.  The diversity of domain architectures would suggest that fusions between Rec domains and various output domains is a part of an extensive evolutionary system that allows bacterial cells to regulate transcription, enzyme activity, and/or protein-protein interactions in response to environmental challenges (Galperin, 2006).  Further studies of two component regulator systems were examined using the criteria of Hoch and his co-workers to identify sensor kinase and response regulator genes encoded within the S. coelicolor genome (Fabret et al., 1999). This analysis revealed the presence of 84 sensor kinase genes, 67 of which lie adjacent to genes encoding response regulators. This finding suggests that these paired genes encode two-component systems. In addition to the two-component systems there are 13 orphan response regulators encoded in the genome, several of which have already been characterized and are implicated in development and antibiotic production, and 17 unpaired and as yet uncharacterized sensor kinases (Hutchings et al., 2004).


Microscopic study of PSCO6029-egfp transcriptional fusion














            SCO7332
          




              








             The protein expressed from SCO7332 is described as glgBII, 1,4-alpha-glucan branching enzyme (EC 2.4.1.18) with length 741 aa.   The protein is known to catalyze the formation of the alpha-1,6-glucosidic linkages in glycogen by dividing the 1,4-alpha-linked oligosaccharide from growing alpha-1,4-glucan chains and the subsequent attachment of the oligosaccharide to the alpha-1,6 position in order to bring about glycogen synthesis (Bruton et al., 1995).  Phase I deposits are found in the substrate mycelium region bordering the developing aerial mycelium.  The production of phase I deposits involves GlgBI, one of two glycogen branching enzyme isoforms.  Phase II deposits occur in the upper regions of aerial hyphae, in long tip cells that are dividing, or have just divided, into unigenomic prespore compartments.  Their formation involves a second branching enzyme isoform, GlgBII, encoded by SCO7332 (Yeo and Chater, 2005).  This enzyme is involved in phase II, which is the production of glycogen synthesis in immature spore chains at aerial hyphal tips (Bruton et al., 1995).

             No signal is expected from M145 carrying PSCO7332-egfp as it is internal to the polycistronic  operon. This prediction was verified in our microscopic experiment which provides evidence for the fact that SCO7332 is the polycistronic operon.

            SCO7334 
             

SCO7334 encodes a putative trehalose synthase tresII (Schneider et al., 2000).  The enzyme is responsible for interconverting between trehalose and maltose amongst other roles.  Trehalose is a disaccharide  sugar which is present in a wide variety of organisms, including bacteria, yeast, fungi, insects, invertebrates, and lower and higher plants, where it may serve as a source of energy and carbon (Elbein, 1974).  In yeast and plants, it may also serve as a signaling molecule to direct or control certain metabolic pathways or even to affect growth (Crowe et al., 1984).  Also, it has been shown that trehalose can protect proteins and cellular membranes from inactivation or denaturation caused by a variety of stress conditions, including desiccation, dehydration, heat, cold, and oxidation (Crowe et al., 1984).   Finally, in mycobacteriaiand corynebacteria, trehalose is a vitalicomponent of various glycolipids which are important cell wall structures.  It has also been shown to be a component in spore cell walls, in the spores of Dictyostelium mucoroides 7% of the total spore wall on a dry-weight basis was found to be trehalose (Clegg, 1961).   When the spores germinate the trehalose rapidly disappears indicating that it provides a useful form of energy  ADDIN EN.CITE (Lowe et al., 2009; Sussman and Lingappa, 1959).  This fact may bear some relation to SCO7334 but would need further investigation.

Microscopic study of PSCO7334-egfp transcriptional fusion








No signal is expected from M145 carrying PSCO7334-egfp as it is internal to the  operon without its’ own promoter. This prediction was verified in our microscopic experiment which provides evidence for the fact that SCO7334 is the polycistronic operon.

            SCO7337 

Microscopic study of PSCO7337-egfp transcriptional fusion
The transcriptional study carried out by fusing egfp to the promoter for SCO7337 showed that the transcriptional activity takes place strongly in the spore compartment Figure 5.30. This is the first gene in the operon so the transcriptional is expected to produce a signal, which it did. The image shows mature spore chains in an aerial hyphae broken away from the vegetative mycelium at a late stage of maturity.










             SCO7337 encodes a further uncharacterised protein called pepA2 which is transcribed in the operon with SCO7338.  SCO7337 bears a less than 30% resemblance to a cytoplasmic glycerophosphodiester phosphodiesterase in E.  coli (Tommassen et al., 1991).  It also shows some consensus agreement (E value of 3e-10) with a putative anti-sigma regulatory factor, serine/threonine protein kinase from S.  flavogriseus.  Serine/threonine kinases catalyze the phosphorylation of serine or threonine residues on target proteins by using ATP as phosphate donor.  SCO7338 has the synonym GlgX which is a glycogen debranching enzyme.  In aligning the entire glycogen operon protein from M.  tuberculosis with the amino acid sequence of SCO7337 and SCO7338 a 20 % identity was found indicating that SCO7337 could be a factor in the debranching operon.

S.  coelicolor has two glycogen branching enzymes which form part of duplicated operons containing at least four genes Pep1–treS- Pep2-glgB.  Mutations in each operon have been found to produce spatially specific effects on the nature of glycogen deposits.  It has been proposed that this collection of genes participate in the conversion of inert glycogen stores and diffusible forms of carbon; glucose-1-phosphate generated by glycogen phosphorylase and metabolically inert but physiologically important trehalose (Schneider et al., 2000). 
          
            SCO7449

Microscopic study of PSCO7449-egfp transcriptional fusion
The egfp-transcriptional fusion to the promoter of SCO7449 showed that the activity of the promoter takes place in the spore compartment and not in the subapical stem or vegetative hyphae Figure 5.31.









SCO7449 encodes a putative membrane protein.  The protein sequence has a transmembrane regionat the C-terminal region as suggested by SMART (Schultz et al., 1998).  It also contains an N-terminal region signal sequence with a SIGNALP   ADDIN EN.CITE (Bendtsen et al., 2004). The signal peptide has a cleavage site between amino acids 26 and 27.  It contains repeat sequences 3 x GDW(N/D)HDD(S/T/A)S(Y/S)(S/G)KEHDNGSKHDEPRGG, 3xMHTGGG(A/G)LAV(T/N)E and 1 x MHTGGGGLA.  The sequence bears a ~30% identity to a glycine rich cell-wall structural protein in Rhizobium meliloti.   The sequence is conserved in Streptomyces species and has a similarity to a condiophore surface protein in Hypocrea lixii with an Expect value of 0.069 and 37% identity.

            SCO7453

Microscopic study of PSCO7453-egfp transcriptional fusion
Figure 5.32 shows the EGFP activity for P7453 taking place in the spores.  













Many constructs were produced and examined for promoter activity.  The overall results are 
tabulated inTable 5.1.   Of the original 42 genes co-transcribed with NepA, 35 had egfp-promoter transcriptional fusions constructed, these are the genes which have the Gene Spring data in Table 5.4.  The genes without Gene Spring data marked (-) were genes chosen as they were predicted to be at the start of a transcriptional unit.  Genes which were co-transcribed with sigN are marked accordingly.  SCO4001 was chosen as it is divergent  from nepA implicating they may be either co-expressed or exclusive.   


            Table 5.4 Tabulated results for transcriptional fusion studies.  The normalized Gene Spring data is listed with the SCO numbers of the genes potentially co-expressed with NepA and their predicted functions.  The column marked construct completed contains a number of symbols described in the key
         

Gene spring data	Sco Number	Predicted function	Construct completed
0.909	SCO0509	glycerol kinase 2 (ATP:glycerol 3-phosphotransferase) 	 sp 
0.915	SCO0591	putative lysozyme precursor	
0.918	SCO0597	conserved hypothetical protein SCF55.21c	
0.918	SCO0601	putative secreted protein	 sp 
-	SCO0649	putative gas vesicle synthesis protein.	 sp 
0.904	SCO0651	putative gas vesicle synthesis protein	
0.946	SCO0652	putative gas vesicle synthesis protein.	
0.909	SCO0654	conserved hypothetical protein SCF91.14.	
0.926	SCO0665	putative secreted protein	
0.902	SCO0692	putative membrane protein.	 sp 
0.935	SCO1050	putative DNA protection protein	 sp 
0.924	SCO1143	conserved hypothetical protein	 sp 
0.914	SCO1240	putative NLP/P60 family protein (putative secreted protein)	
0.908	SCO1347	putative secreted protein	 sp 
0.919	SCO1668	hypothetical protein SCI52.10c	 sp 
0.911	SCO2030	Hypothetical protein	
0.946	SCO2835	putative membrane protein.	 sp 




-	SCO4001	Pol prim 	 sp 
1	SCO4002	putative secreted protein	
0.930	SCO4811	Integral membrane protein	 sp 
sigN	SCO4821	FHA superfamily transcription factor	 sp 
0.925	SCO5117	putative peptide transport system secreted peptide-binding protein	 sp 
0.91	SCO5309	Conserved hypothetical protein	x
0.919	SCO5320	whiE protein I	 sp 
sigN	SCO5460	Putative ABA regulatory protein	 sp 






0.907	SCO7337	hypothetical protein.	 sp 
0.903	SCO7434	putative lipoprotein.	
0.902	SCO7449	putative membrane protein.	sp 
0.914	SCO7453	putative secreted protein	 sp 
0.932	SCO7675	putative integral membrane protein	

            Key to Table
Symbol	Description  
 	Construct completed and integrated into S. coelicolor.
	Construct not completed








The egfp transcriptional fusions produced for the genes co-expressed with nepA taken from  transcriptomics studies revealed 20 genes which were active in the spore compartment and no genes used in this analysis were active in the stem compartment,  leading to a further level of understanding of the genes active during aerial hyphae development.  The transcriptional activity seen in the development of spores was enlightening as some of the genes which appeared to be transcribed during the time of aerial hyphae development.  As there are however many other genes known to be involved in spore development and maturation this study details a few of them.  

            The study revealed that nine of the genes showed no transcriptional activity, this was an unexpected result in view of the transcriptomics data and may suggest that there was a problem with the conjugation into  S.  coelicolor could be repeated to verify these results.  Some strains had a signal that could be seen the vegetative and aerial hyphae and twenty genes were localised to the spore compartment.  Where no signal was seen this could be due to a variety of reasons; some biological, others for practical reasons.  As the transcript was present in the data provided by Andy Hesketh for the genes potentially co-expressed with nepA, it might be predicted that the egfp ​promoter transcriptional fusions would all show a positive result.  In several instances this was not the case, either because the promoter was not active or the conjugation into the Streptomyces chromosome was unsuccessful and the egfp construct was not integrated.    Although the sequence data can be viewed using software designed to predict the transcriptional units and hence potential promoter regions this is not without errors and it is possible that in some cases the promoter sequence was not included in the cloning. Only after identification of the exact transcriptional start for each gene can we establish whether the cloned fragments contained the entire promoter region.  A further explanation was that the gene was not expressed under the conditions of growth that we used in this experiment.  The media used for the collection of the mRNA for the transcriptomics data was MYMTE agar with R2YE trace element solution (Kieser, 2000).  Our colonies were grown on SFM at all times during the microscopy analysis.

In order to advance the use of the promoter fusions produced in this study it would have been interesting to record microscopy images at different points in morphological development to see if the promoter activity was limited to the specific time frame chosen for the assessment.  However, the time chosen for each of the results in Chapter 5 were taken at the same time, when aerial hyphae were developing as this was the stage of interest for the study, for this reason the results are comparable.
   








Microscopy studies to date have not revealed any dependency as all the spore specific promoter-egfp constructs still produced a fluoresecent signal in the spores. sigF mutant strains were produced for the following promoter fusions: SCO0509;  SCO0649; SCO0692; SCO1050; SCO1143; SCO1347; SCO2835; SCO3040; SCO4811; SCO5117; SCO5320; SCO7336; SCO7337; SCO7449; SCO7453. Images are shown for sigF-p0649,  sigF-p2835, sigF-p3040, sigF-p4811, sigF-p5320 and  sigF-p7336 (Figure 5.34).  None of the strains created showed any significant difference in expression from that seen in the wild-type so images are not shown for SCO0509, SCO0692, SCO1050, SCO1143, SCO1347, SCO7337, SCO7449 and SCO7453 where the signal was identical to that seen in the wild-type strain.(Figure 5.1- 5.32).
                        
         








SigF  is known to activate transcription from one of the two divergent promoters; whiEP2 of the complex whiE locus which specifies polyketide spore pigment in S.  coelicolor (Kelemen et al., 1998).  Although a sigF mutant  blocked transcription of the whiEP2 promoter which controls the expression of ORFVIII, encoding a putative flavin adenine dinucleotide-dependent hydroxylase, it altered the production of the spore colour from a grey to green (Kelemen et al., 1998). Whereas whiE ORFI was unaffected in the sigF  mutant .This fact would explain why the genes which produced spore specific signals were still active in the sigF  mutant strain containing the egfp transcriptional fusions.  It has recently been shown that sigF expression is autonomously activated in each spore compartment in response to the completion of the chromosome transfer which would provide a further checkpoint for late sporulation gene expression (Lu et al., 2007).










Strains were produced using whi mutant colony mycelia which had been stored at -20º C in a storage media containing soya flour and milk powder (see Methods Section 2.1.1.4).  The pIJ8660 constructs containing the egfp transcriptional fusions were transformed into ET12567 and conjugated with the respective whi mutant strains: whiA, whiB, whiG, whiH and whiI.   









Discussion and Further Work

In the work carried out during this project it was verified that nepA transcription and translation takes part in the subapical stem compartment and is very likely to be secreted via the Sec-dependent secretion pathway from assessment of the amino acid sequence. The levels of expressed NepA protein were too low to detect in overexpression studies using Coomassie staining or Western blot analysis on SDS-PAGE gels with any degree of experimental confidence. In assessment the phenotype of a strain over-expressing NepA on Streptomyces colonies, a transient increase in antibiotic production was seen at 36 hours of growth which was a reproducible result but cannot be  proven to be directly linked to NepA overexpression. A purified protein extract which should have contained Histidine-tagged NepA, lacking the signal peptide sequence was seen to enhance the process of  morphological differentiation but the proteins were not pure NepA so no conclusions can be made about the role of NepA. In addition, when monitoring the NepA-mCherry fusion the mCherry protein was seen clearly in the subapical stem compartment indicating that NepA-mCherry translation had occurred, but there is no evidence to suggest that NepA was still attached to the fluorescent protein as all Western blots and fluoresence studies revealed a protein of the size expected for mCherry alone. It is very likely that the NepA-mCherry fusion had been proteolysed. The presence of the mCherry was also visible in the WGA-Alexa488 stained hyphae where the protein is clearly located exclusively  in the stem. However, when we analysed protein extracts from the cells carrying NepA-mCherry we found mCherry signal but not part of a protein-mCherry fusion, suggesting that the NepA-mCherry produced was processed generating free mCherry protein. For this reason we cannot make predictions regarding the presence of NepA with the marker still attached in the microscopy images.
The work carried out in the de Jong laboratory located NepA to the cell walls and the spores, we have no evidence from our techniques to support these findings (de Jong et al., 2009). The use of TFA to extract the protein from the cell wall was a technique which could have been used to repeat their result but we attempted to focus on the translocation of the protein to provide information as to the route of export from the subapical stem and hence gain further understanding of the role of this compartment. The use of sophisticated cryo electronic, or atomic force microscopic techniques would provide an invaluable tool in visualising this novel compartment. Had we found further genes being expressed in the stem compartment this would also have given us further invaluable links.
Other immunological experiments could have been carried out, particularly to probe the gel containing the purified His-tagged proteins as this was the only occasion the elusive small NepA protein was potentially seen. In reality the experiments carried out have certainly shown NepA to be either quickly translocated from the stem of subject to proteolysis but as the gene is expressed in such a specific area of the differentiating colony it is more than likely to have a role which is still to be found. 
The EGFP promoter fusion constructs to the genes which are temporarily transcribed with nepA revealed 20 genes whose transcription took place in the spore compartments. No further stem specific genes were located in this study. The prediction that the NepA protein played a role in the spore development as suggested by the de Jong group (de Jong et al., 2009) was not reproducible in our hands, the spores developed at the same time as the wild-type spores. In addition germination properties of spores of the nepA mutant were indistinguishable from that of the wild-type.
The aims of the work carried out on NepA was to gather further insight into the roles of the protein in S. coelicolor.  The information regarding NepA at the start of this study was that the nepA gene encoded a putative secreted protein of 108 aa whose transcription was dependent on SigN. That NepA contained a putative N-terminal signal peptide sequence which was reinforced by analysis of the protein sequence at the web-based server SIGNALP  ADDIN EN.CITE (Bendtsen et al., 2004). That the promoter sequence of nepA suggested that SigN itself or another SigB-like sigma factor would initiate nepA transcription, but only in the presence of a yet unidentified transcriptional activator which binds at a sequence of over 71 bp upstream from PnepA as verified by the work on promoter lengths and EGFP transcriptional fusions which verified the requirement of this particular region of the promoter sequence  ADDIN EN.CITE (Dalton et al., 2007).  The only media on which the nepA mutant strain was delayed in morphological differentiation was minimal media containing glucose (Dalton et al., 2007).
The overall target for the research in this thesis was to gather further information about the expressed protein, NepA.  We wished to verify that NepA was expressed in the subapical stem as we knew that transcription of nepA took place in the stem compartment  ADDIN EN.CITE (Dalton et al., 2007). The nepA coding sequence was linked to the mCherry sequence with a glycine linker to aid folding of the expressed protein. The promoter sequence for nepA enabled both genes to be activated in vivo and the presence of the mCherry signal in the stem implied that the proteins were both transcribed and expressed in the stem. The fact that we didn’t get any fluorescent signal when NepA-EGFP was monitored consistent with  the experimental evidence using EGFP fused to malE which encodes a maltose binding protein  ADDIN EN.CITE (Feilmeier et al., 2000; Meissner et al., 2007) which was found to be translocated and unable to refold into the conformation necessary to allow fluorescence. However, we chose to use mCherry to attempt to avoid the problem found with EGFP as it is known that mCherry does not dimerize (Nguyen et al., 2007) and is therefore potentially more favourable for this study. 
The fact that NepA may be cleaved from the mCherry protein means that we cannot verify the fate of NepA from the fusion studies. The results suggest that the route of the protein is via the Sec-dependent pathway and interestingly the microscopy images indicate a spiral pattern for the location of the embedded protein. However, although the Sec-dependent channels are known to form a spiral pattern in E. coli (Luirink et al., 2005)  no evidence of the spiral formation has yet been shown in S. coelicolor. The absence of the twin arginine sequence seen in TAT dependent systems would also suggest that NepA is secreted via the Sec-dependent pathway. In order to attempt to locate the NepA protein the signal peptide was removed generating a NepASP overexpressing strain in vivo using first a plasmid based inducible system and then a second construct was produced which allowed the truncated protein to be expressed from with the chromosome. The lack of the signal sequence should have meant that the protein could not be secreted and that although we would not identify the pathway taken by the protein, we could identify the size of the truncated protein in the supernatant fraction of the cell extracts. Unfortunately even the truncated protein was elusive which suggested that it was either very low in concentration or was degraded in the cell. In order to improve the discrimination of the small protein we used Tricine gels (Schagger and von Jagow, 1987) but these gels also failed to reveal the protein. 
The addition of the His-tag to the nepA coding sequence was tackled at both the N and C-terminal regions. The pCJW93 plasmid contained a truncated nepA sequence lacking the signal peptide and carried an N-terminal His-tag which under the argument discussed should have remained in the supernatant fraction of the cell. No protein expression was picked up in overexpression studies using Coomassie staining or Western blot analysis using an anti-His antibody suggesting that the generated NepASP is further processed in the cytoplasm and the N-terminal His-tag is removed. The fact that the pCJW93 plasmid does not integrate into the Streptomyces chromosome means that it is a potentially unstable expression system and for this reason a fresh transformation was carried out in order to ensure the presence of the overexpressing plasmid but this did not reveal any NepA protein. The His-tag was then cloned into the C-terminal region of an integrative overexpressing strain to bypass the instability problems of the pCJW93 strain  and avoiding the potential N-terminal processing, but the lack of protein signal from this construct in Western blots could suggest that the protein is further processed in the cell and this occurs at both the  N and C-terminal regions. This suggestion is reinforced by the lack of sequence identity in the N and C terminal regions amongst the homologues of NepA which are found in many other species of Streptomyces.
The strain overexpressing NepA did seem to effect the morphological development of spores on some MMG media. The fact that the M145 strain overexpressing NepA appeared to be producing increased levels of antibiotics would suggest that NepA could be playing a role in differentiation and development as the two processes are strongly linked. The purified concentrated protein applied ectopically to an M145 lawn also seemed to accelerate differentiation as a dark grey circle was present around the area exposed to the protein but this protein mixture was not pure NepA and the role of the other proteins needs to be considered. The presence of the developed grey colour in the spores could suggest that NepA or other protein was either advancing spore development or becoming integrated into the spore walls and altering the development of the grey pigment. The de Jong group (de Jong et al., 2009) suggested that NepA was a spore wall protein which was involved in maintaining spore dormancy and it was expressed in the spores. In our studies using mCherry fused to NepA no signal was ever visible in the spores at the time period they were assessed which disagrees with the spore-related destination for the NepA protein, however this would need to be further examined before this claim is ratified.  Their nepA mutant spores germinated faster than the wild-type spores under their laboratory conditions (de Jong et al., 2009). We were unable to repeat this result in our lab and certainly did not see spores germinating as early as 3 hours as they had found. The nepA mutant spores germinated synchronously with the M145 spores after a period of 6 hours. The de Jong group suggested that a Western blot detecting NepA in spore extract using an antibody which they raised against a synthetic internal NepA peptide. However, we have shown that in spore preparations there are plenty of broken hyphal fragments from the stem compartment that express NepA when NepA-mCherry was monitored.
The pattern repeated throughout the studies on NepA was that the protein was elusive which potentially indicates that the level of expression is too low to detect even when expressed by a strong promoter or that the protein is further processed and unable to be located before it is secreted to carry out its yet unknown role. What was interesting was the exclusivity of the subapical stem for gene activation, despite searching over 30 genes which were co-transcribed with nepA none of these genes were active in the stem compartment. We know that nepA and sigN are transcribed in the stem compartment  and that the expression of both nepA and sigN is induced at the time of aerial hyphae development from nepAP one of the two promoters of sigN, sigNP1 respectively  ADDIN EN.CITE (Dalton et al., 2007). The genes which were co-transcribed with nepA were investigated by creating  transcriptional fusions to each of the genes. 20 of these genes produced a result showing that transcription was taking places in the spores when the promoters from these genes were linked to EGFP. 
There were some differences in the work on NepA in our lab and the de Jong lab (de Jong et al., 2009). These differences are interesting and aid the process of analysis and characterisation as comparisons can be made and experiments trialled and repeated for clarity. The spore germination studies have been discussed. Their results showed that NepA expression was missing in a chpABCDEFGH mutant and that NepA ended up in an insoluble form in the spore assigned to surface tension-reducing properties. Those are secreted along with development of aerial hyphae and assemble on the outer surface forming a hydrophobic layer of fibres. The spores from their nepA mutant strain germinated in water; we attempted to repeat this experiment but did not find any spore germination of our mutant strain or the wild-type strain in water only. Our concern is that depending on how they generated their spore preparations, these could have contained either traces of medium from which the spores were generated or hyphal fragments that after lysis could provide nutrients for germination. The de Jong group was able to isolate the NepA protein from the spore cell walls using trifluoracetic acid and the protein extracts were subjected to Western blotting using an antibody raised against a NepA peptide. They found that the NepA protein  increased in concentration in the spores as they developed with time and that the size of the protein was greater than the expected size of 10.4 kDa which they suggest could be due to dimerization of the protein. Their studies also found that NepA was not secreted into the extracellular environment.  Our results do not include isolation of the spore cell wall proteins; it would be interesting to repeat this study. In examining the NepA sequence bioinformatically there is nothing to suggest that the protein binds anywhere, nor does it fall into any categories which normally predict the formation of a dimer.

Despite all attempts to isolate NepA and begin its characterisation this small protein and its potential function is still unknown. We have considerable knowledge of the regulatory networks involved in aerial hyphae growth and spore development but we have not as yet been able to determine a defining role for this small potentially secreted protein. So at this time we are unable to lend any weight to the hypothesis that NepA is excreted from the subapical stem, even though the mCherry fusion studies give a good indication that this is true. The possible similarity of NepA to a sporulation gene from B. subtilis SpoVs is tenuous but interesting. The spoVS  gene encodes a small protein of 8.8 kDa which shows little similarity to other proteins in the databases, which is a property which NepA also shares. spoVS mutant strains were blocked in the assembly of some aspects of spore coat assembly (Resnekov et al., 1995). These similarities provide a route for suggested further investigations.
In searching for potential roles for NepA there are so many avenues to investigate to rule out the possibility of any one of these suggested roles. There was some interest in the sporulation which occurs in liquid media which the species S. griseus can perform. S. coelicolor  can sporulate in liquid media but only after the growth into the air water interface of aerial hyphae  ADDIN EN.CITE (Daza et al., 1989; van Keulen et al., 2003). The activity of the SigNP1 promoter which is known to activate nepA  was not active in submerged cultures which suggests that nepA transcription does not occur  ADDIN EN.CITE (Dalton et al., 2007). The fact that the spores produced from S. coelicolor in submerged cultures show some different properties is an area which may be worth examination (Daza et al., 1989). Streptomyces venezuelae sporulates in liquid cultures, in studying NepA and its function it might be worthwhile to extend the studies in S. venezuelae in collaboration with Mark Buttner and Maureen Bibb.
Detecting the NepA protein using His-tags was not successful under the conditions used in our lab, this may be due to further processing of the protein or degradation if the protein is detected as different to the normal environment. If the terminal regions are cleaved then the His tag would be lost anyway so cloning a His tag within the central region of the protein would be a possible route to consider or using antibodies raised against artificial peptide sequences taken from NepA. This method was used by the de Jong group when they isolated NepA in the spore walls. It would be interesting and relevant to monitor the route of NepA using the  antibodies raised against synthetic peptides at discreet time points; at the beginning of aerial hyphae development, through to production of the spores and also from the spores themselves if they are thoroughly cleaned from hyphae.  We are currently trying to monitor NepA using an antibody provided by the de Jong lab however,  it has still failed to detect NepA from cultures that overproduce NepASP in the cytoplasm. The extraction of the NepA protein from the cell walls required TFA (de Jong et al., 2009). If the NepA protein does become part of the spore wall then mutant nepA spores may have different properties which may be detectable by flow cytommetry. 
If the level of expression of NepA was improved sufficiently to allow a band of protein to be isolated on a gel but it was seen to be too large, as suggested by the de Jong group then the protein spot could be isolated from the gel and tested for protein sequence using MALDI-TOF (Matrix-assisted laser desorption/ionization time of flight) spectrometry.
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A.1.  Generation of the egfp transcriptional fusions
All amplified promoter regions for the egfp transcriptional fusion were created using appropriate primer pairs (see table 2.5).  The genes were amplified using PCR (Figures A1 to A29 in Appendix 1), as described in Methods Section 2.2.  Amplification of each of the PCR products occasionally proved problematic due to the GC richness of the template.  Attempts to optimise generation of the PCR product included the addition of DMSO, which aided amplification, but increased the potential error rate of the amplified region.  However after sequencing the short fragments of these promoter regions the error rate was found to be zero.  
















The successful clones were also verified by sequencing and were introduced to S.  coelicolor M145 by conjugation using E.  coli ET12567, a methylation-deficient strain.  Apramycin-resistant exconjugants were selected by overlayering the conjugation plates with nalidixic acid and apramycin. Spore preparations from selected apramycin resistant colonies were generated and stored in 20% glycerol at -20ºC. In the following diagrams of successfully constructed plasmids all cloning was carried out using BamHI and KpnI.





































The analysis of the construct p0509 is shown in Figure A.2. A shows the gel purified digested p0509 fragment of 415bp.  When pIJ8660 is digested with BamHI/EcoRI  fragments of 6150bp 



























In Figure A.3 the analysis of the construct p0597 is shown A. shows the gel purified digested p0597 fragment of 501bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p0597 should produce a fragment 6150 bp and 2052 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.


























                      






In Figure A.6 the analysis of the construct p0665  is shown.  A.  shows the gel purified digested P0665fragment of 368bp.  When pIJ8660 is digested with BamHI/EcoRI  fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p0665 should produce a fragment 6150 bp and 1918 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  
In Figure A.7 the analysis of the construct p0692 is shown.  A. shows the gel purified digested P0692 fragment of 401bp.  When pIJ8660 is digested with BamHI/EcoRI  fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p0692 should produce a fragment 6150 bp and 1951 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  
In Figure A.8 the analysis of the construct p1050 is shown. A. shows the gel purified digested P01050fragment of 346bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p1050 should produce a fragment 6150 bp and 1896 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  


















































































               

In Figure A.11 the analysis of the construct p1347 is shown.  A.  shows the gel purified digested P01347 fragment of 421 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p1347 should produce a fragment 6150 bp and 1995 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison















In  A.13 The analysis of the construct p2030 is shown.  A.  shows the gel purified digested P2030 fragment of 487 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p2030 should produce a fragment 6150 bp and 2037 bp as seen in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  














































In Figure A.16 the analysis of the construct p3169 is shown.  A.  shows the gel purified digested P3169 fragment of 401 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p3169 should produce a fragment 6150 bp and 1951 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.

































In Figure A.18 the analysis of the construct p3863 is shown.  A.  shows the gel purified digested P3863 fragment of 301bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p3863 should produce a fragment 6150 bp and 1847 bp as seen in  lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.
In Figure A.19 the analysis of the construct p4811 is shown.  A.  shows the gel purified digested P4810 fragment of 325 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p4811 should produce a fragment 6150 bp and 1875 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  














   
































In Figure A.21the analysis of the construct p5309 is shown.  A.  shows the gel purified digested P5309 fragment of 300 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p5309 should produce a fragment 6150 bp and 1850 bp as seen in in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.













































                                                                               

In Figure A.24 the analysis of the construct p7332 is shown.  A.  shows the gel purified digested P7332 fragment of 510 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of p7332 should produce a fragment 6150 bp and 2060 bp as seen in  lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  
































































In Figure A.28 the analysis of the construct pIJ8660/p7675 is shown.  A.  shows the gel purified digested p7675 fragment of 450 bp.  When pIJ8660 is digested with BamHI/EcoRI fragments of 6150 bp and 1550 bp are expected and seen in lane 3.  Digestion of pIJ8660/p7675 should produce a fragment 6150 bp and 2000 bp as seen in lane 5.  The increase in size confirmed the correct clone.  The uncut plasmids were run in lanes 2 and 4 for comparison.  









































































Analysis of the recently completed genome sequence has shown that Azotobacter vinelandii DJ has a nifA paralogue that may encode a protein that is 72% identical to NifA.  The homologous protein is now referred to as NifA2. A. vinelandii also has paralogues to activators for the iron and vanadium nitrogenases, now called AnfA2 and VnfA2 respectively  ADDIN EN.CITE (Setubal et al., 2009).  The aim of this project is to investigate under what conditions, if any, these paralogues are expressed and then examine the role and function of these proteins.

An insertion mutation, replacing the nifA2 coding sequence was constructed in the A. vinelandii genome.  The mutant strain appears to have a wild-type phenotype, it is able to grow in nitrogen-limiting media under laboratory conditions.  Constructs expressing NifA2 or NifA2 lacking the N-terminal, sensory GAF domain, GAFNifA2 are able to activate nifH in Escherichia coli, indicating that NifA2 can act as an activator for 54 dependent transcription, although it is not yet verified that this results from binding of NifA2 to the upstream activator sequence for nifH.
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The ability to fix nitrogen is a feature seen in many bacteria including, green sulphur bacteria, actinomycetes, cyanobacteria and all subdivisions of Proteobacteria.  This ability is also seen in Archaea where it is largely restricted to the methanogens.  Organisms cannot utilize nitrogen from the atmosphere unless it has been reduced to ammonia in an ATP-dependent reduction of N2.  Diazotrophs are capable of rapidly responding to their environment and fixing nitrogen when necessary using the enzyme nitrogenase (Kleiner, 1975).  

Nitrogenases are complex metalloenzymes composed of two protein units named after their metal composition;  the smaller dimeric component, known as the iron (Fe) protein  acts as an ATP-dependent electron donor, accepting electrons from other donors, such as reduced flavodoxin, and transferring these electrons to the larger heterotetrameric component of the enzyme known as the molybdenum-iron (MoFe) protein which contains the catalytic site of the enzyme  ADDIN EN.CITE (Hoover et al., 1988; Kennedy et al., 1976; Pau et al., 1993; Rees and Howard, 2000).  This process brings about the reduction to dinitrogen or alternative substrates such as acetylene.  All diazotrophs contain the MoFe nitrogenase system but some organisms, namely A. vinelandii and Rhodobacter capsulatus induce the synthesis of alternative metalloenzymes containing vanadium-iron (Va-Fe) or iron-iron (Fe-Fe) in the absence of molybdenum (Eady, 1996).  The overall reaction catalysed by nitrogenase is  ADDIN EN.CITE (Burgess and Lowe, 1996; Howard and Rees, 1996):

N2 + 8 H+ + 8 e− + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi

The high-energy input required for the role of the enzyme in undertaking its task of reducing nitrogen, means that its biosynthesis is not initiated unless essential and must therefore be stringently controlled.  The nitrogen-fixing enzyme is highly sensitive to oxygen  ADDIN EN.CITE (Wang et al., 1995) which therefore has to be protected from its toxic and irreversibly damaging effects (Hill, 1992).  In the γ Proteobacteria, proteins direct nitrogenase expression dependent on cellular oxygen levels, preventing the expression of further enzyme when the oxygen tension is high (Hill, 1992).  Also the nitrogenase is protected by conformational changes to the enzyme rather than its complete and irreversible inactivation (Hill, 1992).   A. vinelandii is an obligate aerobe and the delicately balanced NifL-NifA system provides the monitoring and controlling system for production of the nif (nitrogen fixing) genes to ensure there is no wasteful production of nitrogenase.

The control of nitrogenase synthesis in all diazotrophs follows a similar pattern.  The transcription of the nif genes is initiated from promoters which recognise an alternative form of RNA polymerase (RNAP) containing an alternative sigma factor, σ54 (Merrick, 1993).   RNAP is a polymerase that catalyzes the synthesis of a complementary strand of RNA from a DNA template.  NifA is the enhancer binding protein responsible for the activation of the nifHDK operon, which expresses the structural unit of the molybdenum nitrogenase (Sundaresan et al., 1983) (Dixon, 1998).  The components of RNAP combine together to form a complex molecule (discussed further in S. coelicolor work in this thesis).  The 5 core subunits contain two α subunits which assemble the enzyme and bind regulatory factors, the αCTD (C-Terminal domain) binds the  upstream element (UP) of the extended promoter (Blatter et al., 1994), and αNTD (N-terminal domain) binds the rest of the polymerase; the β unit has the polymerase activity which catalyses the synthesis of RNA and β’ binds the DNA non-specifically, the ω component restores denatured RNAP in vitro and may provide a chaperone function to the β’ subunit, it is also now known that it promotes assembly of the polymerase  ADDIN EN.CITE (Minakhin et al., 2001).

In order to bind specific promoter regions the core enzyme requires specific localisation details, these are provided by the addition of a final unit, the sigma factor, σ which gives the RNAP specificity to particular DNA binding sites.  The overall formation of the units of RNAP is now called holoenzyme, consists of α2ββ'σω.  The structure of RNAP from E. coli was obtained by electron crystallography, which determined that the enzyme shows a channel with a length of 55 Å (5.5 nm) and a diameter of 25 Å (2.5 nm) which is predicted to fit well into the groove of 20 Å (2 nm) seen in the double strand of DNA  ADDIN EN.CITE (Darst et al., 1989; Polyakov et al., 1995).  

Binding of RNAP to promoter DNA initiates transcription.  The binding is followed by a series of conformational changes to the DNA and the enzyme itself which results in partial strand separation and the formation of the open promoter complex  ADDIN EN.CITE (von Hippel et al., 1984; Wigneshweraraj et al., 2002).  The binding of the holoenzyme is sufficient in itself to bring about promoter melting and consequent initiation of transcription  ADDIN EN.CITE (Browning and Busby, 2004; Busby and Ebright, 1994).  When inactive the RNAP binds to low- affinity sites and is therefore in close proximity to a site which where its catalytic activity may be required.

Bacteria produce a number of different sigma factors to confer promoter-specific transcription; the sigma factors are often similar to the housekeeping sigma from E. coli, σ70.  However, σ54 is clearly different from the other sigma factors in both its structure and function. The fact that the polymerase requires the aid of particular binding proteins  means that the σ54 behaves in a similar manner to  some sigma factors now seen in eukaryotes  (Merrick, 1993).  σ54 is encoded by rpoN and  is seen in many prokaryotes.  The alternative σ54 holoenzyme binds to DNA promoter regions and initiates transcription in a process which requires the presence of additional components, or enhancers, hence the term enhancer-dependent transcription (Zhang et al., 2002).  The isomerisation of σ54 polymerase and the interaction with melted DNA strands requires the hydrolysis of nucleotides brought about by proteins such as NtrC (nitrogen regulatory protein C), and NifA (nitrogen-fixation protein A), these proteins are enhancer binding activator proteins (EBPs) (Buck et al., 2000).  The EBP acts as a biomechanical machine to drive the process of strand separation (Rappas et al., 2005).   The hydrolysis of ATP or GTP is catalysed by the activator  ADDIN EN.CITE (Lee et al., 1993) (Austin and Dixon, 1992).  The family of activators belong to the AAA+ (ATPases associated with various cellular activities) protein family  ADDIN EN.CITE (Neuwald et al., 1999; Ogura and Wilkinson, 2001).   A unifying structural property of AAA+ ATPases is their ability to form oligomeric rings (Wyman et al., 1997).  It is recognized that the EBPs form higher order structures in order to bring about ATP hydrolysis and hence are able to activate the open complex formation which is a thermodynamically and kinetically unfavourable process in σ 54 dependent systems  ADDIN EN.CITE (Flashner et al., 1995; Porter et al., 1993a).  

Oligomerization in NtrC is brought about by phosphorylation of an aspartate residue conserved in many response regulators  ADDIN EN.CITE (Klose et al., 1993; Lee et al., 2000).  However no such residue appears in NifA proteins and they show a further atypical response from classical response regulators such as NtrC in that there is no evidence to suggest that they become phosphorylated, but that signal transduction occurs via formation of a protein-protein complex rather than phosphotransfer (Money et al., 2001).







































In many NifA proteins a characteristic motif containing conserved cysteine residues is found between the central domain and the HTH which is thought to form the basis of a redox sensing system (Fischer et al., 1988).  These NifA proteins are directly responsive to oxygen.  However major differences appear in the NifA proteins of γ Proteobacteria such as K. pneumoniae, A. vinelandii and P. stutzeri where the NifA protein activates the expression of all the nif genes and the anti-activator NifL controls NifA activity by protein-protein interactions in response to nitrogen status.  The NifA  in these bacteria do not contain the conserved cysteine residues (Dixon, 1998).  In K. pneumoniae nitrogenase proteins were found to be absent in nifA mutants indicating that NifA is required for nif activation (Dixon et al., 1977).  The NifL and NifA proteins from K. pneumoniae proved difficult to purify hence biochemical studies were limited.  Early experiments with NifA used in vivo footprinting techniques, dimethyl sulphate protection experiments indicated that NifA was involved in the activation by 54 when the sigma factor was bound to the invariant –24, -12 region of the promoter  ADDIN EN.CITE (Dixon et al., 1988; Gussin et al., 1986).  This result suggested that NifA had a role similar to NtrC in catalysing the activation of open promoter complexes by 54 RNA polymerase holoenzyme (Morett and Buck, 1989).  Immunoprecipitation studies showed that NifL and NifA form a complex in vivo which reinforced the indication that the two proteins were translationally coupled  (Govantes et al., 1996).  The activity of NifA was enhanced by the addition of 54 in vitro   but reduced in the presence of NifL suggesting that NifL had a repressive role on NifA (Kustu et al., 1989).  This hypothesis was endorsed by a mutant form of NifL which was unable to repress NifA (Austin et al., 1990).  In vivo footprinting studies showed that NifL appeared to prevent NifA from binding to the upstream activator sequence (UAS) of nifH (Morett et al., 1990).  Other Proteobacteria lack NifL and  NifA activity is controlled by PII proteins which are key signal transduction proteins involved in nitrogen regulation that exist as two paralogous gene copies of glnB and glnK  in E. coli  ADDIN EN.CITE (He et al., 2008; Little et al., 2002).

The NifL-NifA regulatory system of A. vinelandii is now known to integrate signals for redox, energy and nitrogen status in order to control the correct level of molybdenum nitrogenase expression.  The NifL protein uses separate mechanisms to detect these signals (Money et al., 1999) which leads to the formation of the protein-protein complex  that inhibits NifA activity (Dixon, 1998; Money et al., 2001).  The binding of adenosine nucleotides to NifL aids the process of inhibition of NifA (Eydmann et al., 1995).  The redox status is monitored by a flavin-containing PAS domain in the N-terminal region of NifL  ADDIN EN.CITE (Hill et al., 1996; Macheroux et al., 1998; Zhulin et al., 1997).  The nitrogen status is monitored via a PII-like signal transduction protein (Little et al., 2000).  The nonuridylylated form of the PII-like protein encoded by A. vinelandii glnK (Av. GlnK) stimulates NifL to inhibit transcriptional activation by NifA in vitro (Little et al., 2000).   Later studies showed that the interaction between NifA and NifL depended on Mg(2+), ATP and 2-oxoglutarate (Little et al., 2002).  

The response of A. vinelandii NifL to the nitrogen status is brought about by the binding of GlnK to NifL to promote the formation of a GlnK-NifL-NifA complex under conditions of nitrogen excess (Little et al., 2000) (Rudnick et al., 2002) (Little et al., 2002).  NifA is free to activate transcription when the flavin moiety in NifL is reduced and the GlnK protein is covalently modified by uridylation when nitrogen is deficient.  Also NifA activity is affected by the presence or absence of two ligands; 2-oxoglutarate and adenosine dinucleotides; the dinucleotides enhance the NifL to bind to NifA  ADDIN EN.CITE (Soderback et al., 1998) whereas the 2-oxoglutarate bound to the GAF domain of NifA works in opposition to this affinity allowing NifA to be released to activate transcription of the nif genes  ADDIN EN.CITE (Little and Dixon, 2003; Martinez-Argudo et al., 2004).  A. vinelandii and K. pneumoniae both have the NifL-NifA system the genes for which are  co-transcribed in the same operon (Espin et al., 1982).  These proteins are translated in stochiometric amounts in order to regulate nif transcription.  

In many bacteria, NtrC is an EBP which controls transcription of many genes involved in aspects of nitrogen fixation and assimilation.  For example it is the transcriptional factor necessary for the regulation of σ54 to form an open complex with RNAP to activate glnA (glutamine synthetase, GS) transcription (Toukdarian et al., 1990), amtB (encoding a putative ammonium transporter) GlnK as a PII signal transduction protein and nifA in K. pneumoniae  ADDIN EN.CITE (Arcondeguy et al., 2001; Ninfa and Atkinson, 2000; Porter et al., 1993b).  Glutamine plays a vital role in nitrogen metabolism serving as an amino group donor or a substrate in biosynthetic reactions, in A. vinelandii it is suggested that GS is thought to be solely responsible for the assimilation of ammonia (Toukdarian et al., 1990).  It has been shown that an NtrC mutant did not prevent the activation of the nif genes indicating that unlike other diazotrophic organisms, NifA expression is not NtrC dependent (Toukdarian and Kennedy, 1986).  It is now known the NtrC and NifA drive separate nitrogenase pathways in A. vinelandii (Bali, 1998). The ntrA (now rpoN), ntrB and ntrC gene products are normally responsible for regulating transcription of the genes involved in the assimilation of poor nitrogen sources in enteric bacteria allowing the organism to survive under poor conditions (Magasanik, 1982).  The positive control of the nitrogen-regulated promoters requires both gene products from rpoN and ntrC in K. pneumoniae (Merrick, 1983).  The role of NtrA and NtrC in A. vinelandii was established by using Tn5 insertions in the cloned genes to construct mutants by marker exchange.  These mutants show that both NtrA and NtrC are required for the utilization of nitrate as a nitrogen source.  However, NtrC is not required for nitrogen fixation by A. vinelandii, in contrast with K. pneumoniae where both NtrA and NtrC are essential(Garcia et al., 1977).  This result does not rule out the possibility that other NtrC-like activators could be required for the same process.  It is thought that expression of nifA is constitutive but it is not clear as to whether the expression of the gene is entirely constitutive or may be subject to a 54 dependent activation under certain circumstances.   It was thought that expression from the A. vinelandii nifLA promoter could occur without either RpoN or NtrC (Blanco et al., 1993) but it had been previously established that expression of the nif genes is eliminated in an RpoN mutant indicating an absolute requirement for 54  for nif activation (Toukdarian and Kennedy, 1986).

Sequence analysis of the region upstream of nifL shows that there is no recognized NtrC-type binding site but there is a transcriptional regulatory element which could play a role in activation of the nifLA promoter (Mitra et al., 2005).  However, further studies have shown the presence of two rnf-type gene sequences upstream from the putative 54 activator binding site which are transcribed in the opposite direction to nifL-nifA (Curatti et al., 2005) and these genes are known to be regulated by NifA and may consequently explain the presence of an upstream activator sequence.  The rnf genes are required for nitrogen fixation and may be part of a membrane complex functioning as an intermediate in the electron transport to nitrogenase  ADDIN EN.CITE (Rubio et al., 2002).


Av. 1.1.3 Aims of this project

In examining the sequence of A. vinelandii it was discovered that paralogues existed for nifA, vnfA and anfA. The paralogue to nifA, Avin26490 (nifA2) was identified as encoding a protein with a practically identical DNA recognition helix in the C-terminal DNA-binding domain to NifA.  This result suggests that NifA2 binds similar enhancer sequences to those recognised by NifA (Avin51000)  ADDIN EN.CITE (Setubal et al., 2009).  The similarity of NifA2 to NifA was assessed at NCBI BLAST and was found to be 72% similar (357/493 (72%), Positives, 406/493 (82%). The paralogues to vnfA (Avin33440 and Avin47100) show 78% and 71% identity to vnfA respectively (Avin02780).  The two VnfA paralogues both have 2 of the 3 conserved cysteine residues seen in the VnfA GAF domain sequence which is suggested to be the location for metal-binding (Joerger et al., 1989).  Unlike the NifL-NifA system, O2 shows no effect on the transcriptional activity of VnfA in vivo in E.coli, but reactive oxygen species is likely to cause disruption of the Fe-S cluster rendering VnfA inactive (Nakajima et al.).   AnfA (Avin 49020) has one paralogue in AnfA2 (Avin02780) both these EBPs contains two cysteine residues and are likely to be involved in redox systems  ADDIN EN.CITE (Premakumar et al., 1994; Premakumar et al., 1998).  

The sequence of nifA2 in A. vinelandii shows considerable homology to NifA and the background material presented in this report serves to put this paralogue into the context of what is already known about  A. vinelandii and the regulation of nitrogen fixation.   Examination of the sequence in Chapter 3 shows the identity of the three domains in NifA2 similar to those in NifA and promotes questions of this protein’s role in relation to the previously studied and well-balanced interactions between NifA and NifL.  The relevance of the paralagous gene sequences similar to nifA, anfA and vnfA is the basis for this project.   The questions of why they are there and how do they fit into the previously studied, balanced transcriptional regulatory system will hopefully be better understood at the end of this project.

In order to assess the role of NifA2 we will create a nifA2 mutant strain and assess the phenotype of the mutant in terms of its growth characteristics on a variety of carbon sources. The strain will also be assessed for its ability to grow under nitrogen limiting conditions; does the lack of NifA2 affect the balanced NifL-NifA system which is fine-tuned to control the expression of NifA to activate the expression of the nif genes. If NifA2 was the activator for nifL then a lack of NifA2 may affect the expression of NifL and NifA as they are in an operon and the effect of the loss of NifL-NifA should radically affect the growth of A. vinelandii under nitrogen-limiting conditions, unless NifA2 is able to complement for the absence of NifA. We will increase the knowledge of the role of NifA2 in creating a NifA mutant strain to assess the ability of NifA2 to complement for NifA under these conditions. If NifA2 can undertake the role of NifA then we can assess the activity on the nifH promoter, which is the first gene in the nif operon by using a nifH promoter construct linked to lacZ by carrying out a β-galactosidase assay in vivo in  E.coli.

We would like to examine the conditions under which NifA2 is expressed. To answer this question we will look for the expressed protein in A. vinelandii using RT-PCR under conditions of a fixed nitrogen supply and compare the RT-PCR profile for NifA2 under nitrogen-limiting conditions. In using the mutant NifA strain we could assess the affect of NifA2 expression in the NifA deletion strain also using RT-PCR.









Av 2.1   Growth and Maintenance of organisms
Av 2.1.1.  Bacterial strains and growth conditions

All E. coli strains used in this work are listed in Table 2.1.  The strains were maintained by streaking onto agar plates with appropriate antibiotics and storing at - 4º C.  Long term storage of strains was achieved by mixing 500µl of overnight culture grown in Luria Bertani (LB) broth with 500µl of sterile 50% glycerol and freezing at - 20º C

Table 2.1.  Genotypes of the strains used in this study.  
Av 2.1.1.2 E. coli strains
Table 1.  Genotypes of E. coli strains used
Strain	Genotype/function	Reference:/source
BL21(DE3)pLysS	F̄ dcm ompT hsdSB(rB̅  mB̅ ) gal dcm(DE3) General expression host 	(Studier et al., 1990)
DH5	sipE44 lacU169 (80dlacZM15) hsdR17recA1 endA1 gyrA96 thi-1 relA1	(Hanahan, 1983)






Av 2.1.1.3 A. vinelandii strains
Table 2.  A. vinelandii strains used in this study
A.vinelandii 		
Wild type	A.vinelandii strain: wild type AvOP (non-gummy)	(Bishop and Brill, 1977)
UW211	A.vinelandii strain: PnifH::lacZ::nifH .  	(Curatti et al., 2005)
UW218	A.vinelandii strain: PnifH::lacZ::nifHnifA	(Curatti et al., 2005)
CW1	AvOP  PnifA2nifA2::spc	This work
CW2	AvOP nifA::kan; Pniflanifl::lacZ	This work
CW3	AvOPnifA::kan; Pniflanifl::lacZ:: PnifA2nifA2::spc	This work


Table 3.   Plasmids used in this study

Plasmid	Genotype/ function	
pRT22	PnifH-lacZ in pACYC184	Tuli and Merrick (1988)
pPR34	A. vinelandii nifLA translated from the natural ribosome binding site of nifL in pT7-7	Söderbäck et al.  (1998)
pDB737	A. vinelandii nifA cloned into expression vector pT7-7 Austin et al.  (1994)	Austin et al.  (1994)
pHP45	Ampr Spr; carries  interposon	Prentki (1984)
pCR-Blunt II-TOPO®	A pUC derived plasmid used for cloning of blunt-ended DNA products.   It contains M13 forward and reverse primer sites for sequencing or PCR screening.   PlacZ , KanR, ZeoR.	Invitrogen™
pET-28(a)	An expression vector containing an N-terminal His·Tag®/T7·Tag® (6 His residues).   It also contains an optional C-terminal His·Tag® (6 His residues).   It contains T7 forward and reverse primer sites for sequencing or PCR screening.   PT7lac, KanR.	Novagen®
pKOK6	pUC4K containing lacZ-KmR cassette 	(Kokotek and Lotz, 1989)
pT7-7	E.coli expression vector 	(Tabor and Richardson, 1985)
pCW4	pUC18  containing nifA2 flanking regions and omega cassette from pHP45 replacing nifA2	This work
pCW8	pUC18  containing nifA flanking regions upstream  in nifl and lacZ-Km cassette from pKOK6 replacing nifA	This work


Table 4.  Antibiotic concentrations.  Data given for stock and final media concentrations for         E. coli and A. vinelandii







The antibiotic stock solutions were prepared then sterilised using a 0.2 µm filter and stored at -20 ºC

Av 2.1.1.4 Storage and maintenance of A. vinelandii strains
For PCR reactions a small portion of A. vinelandii growth was taken from a fresh plate of the required strain with a toothpick and added to 50 µl dH2O and boiled for 10 minutes.  5 µl of the boiled product was used a template in PCR reactions.  
All plates grown were kept at 20 ºC, never at 4 ºC.  If the strains were to be maintained at 80 C then 15% glycerol was added to a fresh scoop of culture and flash frozen in liquid N2 for storage at 80 ºC.


Av 2.2 DNA Procedures
Av 2.2.1 Isolation of plasmid DNA from E. coli

Small scale preparation of plasmid DNA were carried out from 5ml overnight cultures using the Qiaquick Plasmid Miniprep kit [QIAGEN, Crawley, UK] following the manufacturers instructions.

Av 2.2.2 Genomic DNA extraction from A. vinelandii
Cells from a freshly grown plate were scooped into an microcentrifuge  tube and suspended in  100 µl EB lysis buffer containing  10 mM Tris-Cl, pH 8.5, EDTA and glucose.  (no lysozyme was used in the reaction). The cells were left overnight to undergo lysis.  The following day a further 900 µl EB lysis was added  and the suspension allowed to continue for a further 2 hours.  When the cells appeared to be resuspended as a sticky but slightly clear viscous liquid was obtained an equal volume of phenol-chloroform mix was added and the vortexed for 2 minutes in order to remove the proteins.  The cells were centrifuged at 1300 g for 2 minutes and the supernatant was removed and discarded.  This process of phenol-chloroform addition, vortexing and centrifugation was repeated until the white bilayer had been removed.  An equal volume of chloroform was then added, vortexed for 2 minutes and centrifuged again for 2 minutes at 1300 g.  The choloroform layer containing the phenol was removed and discarded and the DNA was then precipitated by adding 0.1 volume of     3 M sodium acetate, 2.5 volumes of chilled 100% ethanol vortexing the product very briefly to mix and then leaving on dry ice for 15 minutes.  The precipitation was followed by centrifugation at 15000g for 20 minutes.  The supernatant was discarded and 70% ethanol was added carefully down the side of the tube, this time the pellet was not vortexed but again centrifuged at 16300g for 10 minutes at 4 ºC.  The ethanol was poured carefully away from the pellet which was then flash spun to remove traced of ethanol from the sides of the tube.  The pellet was left to air dry for 10 minutes on the bench before resuspending in 100µl EB buffer, this process was allowed to take place very gently overnight at room temperature.

Av 2.2.2.2 Purification of total RNA
Total RNA was purified from ~ 1 x 109 cells grown under relevant conditions and extracted using the RNeasy mini kit from QIAGEN following the manufacturers instructions.

Av 2.2.3 Polymerase Chain Reaction
Av 2.2.3.1 Amplifying DNA for cloning

To amplify DNA sequences for subsequent cloning, the several polymerases were used; PWO [Roche] and Acuzyme from [BIOLINE, UK] were routinely used.  Routinely, 50 l polymerase chain reaction mixture (PCR) contained the following: 1 x reaction buffer (as supplied with enzyme), 2.5mM MgCl2,  0.25 mM of each of the four dNTPs, 50 pmol forward and reverse primers, 0.5ng template DNA and 5% DMSO (all final concentrations) and 0.5U Taq polymerase..  

Av 2.2.3.2 Thermal cycler programme for gene amplification and cloning

All PCR reactions were carried out in a Techne PCR machine [Bibby-Scientific Ltd].  For the amplification of regions to generate knockout mutants for nifA2 and nifA the thermal cycler programme was as follows: 95 ºC for 2 minutes, initial denaturation; 30 cycles of {1 minute 95 ºC further denaturation; 50-58 ºC, 60 second primer annealing; 72 ºC, 80 seconds (depending on the size of the amplified DNA) extension} followed by a final extension of 5 minutes at 72 ºC.  

Av 2.2.3.3  Colony PCR
PCR from single colonies was used to screen for transformants containing required cloned DNA.  Colonies were picked with a sterile pipette tip and placed into ReddyMix DNA polymerase [Abgene, Epsom, UK] as in 2.2.3.1.  The PCR cycler programme was as in 2.2.3.2.  

Av 2.2.3.4 Primer design
The primers were designed to provide a minimum of 400 bp either side of the gene to be mutated in order to ensure the success of the homologous recombination process.  The primers should have 40-50% GC content only.  All primers ordered from MWG Biotech [Germany]

Table 5.  Primers used during construction and verification of plasmids.  Red text indicates restriction sites inserted into the primer sequence
Primer name	 Primer sequence
CW1	5’- ATGAATTCGGCAAACGACCTGTTGTATCG – 3’
CW2	5’– GAAGGATCCCGGCAATGATGGATACCAGG -3’
CW3	5’- CGTGGATCCGATTCAGACCCTGAATATCTGC -3’
CW4	5’- GCTTAACTGCAGACGATCCGAACCAGTCCATTTC – 3’
Omega F	5’- CAGCGATGATGTCGAGTCCGTTG – 3’
Omega R	5’- GCTGTTCCGTTCGCGGTTTC – 3’
Out 8307F	5’- TTAATGTTGCAGCGATGATGTCCG -3’ 
Out 8307R	5’ –CGTTCGTAGCGAGCGCCTG – 3’
NifA2 RT F	5’- TGACCAGCCAAAGTCGAACA -3’
NifA2 RT R	5’- CGTTCGAGCATGACGCTTT -3’
NifA RT F	5’- TGGAAAGCGAGGTGGAAAAG – 3’
NifA RT R	5’- AGATCTTGCGCATGTGGATG – 3’
Primers for NifA knockout
NifALF	5’- TCAGAATTCAGCAGGGCCCACGTGTTTTCTT – 3’
NifALR	5’- GAAGGATCCTGGTTGCATTCATGGGCATT -3’
NifARF	5’- CGTGGATCCAACATCCACATGCGCAAGAT – 3’
NifARR	5’- GCTTAACTGCAGCTTCGCACGAATGTTTTCC – 3’
Primers for protein expression construct for NifA2	
A2exp F	5’- GCTGCATATCATATGAATGCAATCTTTCCCCTTAGC -3’
A2exp R	5’- GGCGGATCCTCAGATCTTCTGCATGCAGATATT -3’
Primers for GAF NifA2 constructs
8307 EcoF	5’- GCGCGAATTCGCGACCCGAGCGAATGTCG – 3’
8307 GAF R	5’- CCCGTGAGTTTCGCCATGAGATGTCGGGTCCGGCGCAGAACTC-3’
8307 GAF Mid	5’- GAGTTCTGCCGCCGGACCCGACATCTCATGGGAAACTCCACGGG -3’
8307BamGAF Fr	5’- GCGCGGATCCTCAGATCTTCTGCATGCAGATA -3’
8307BamFGAF	5’- GCGCGGATCCACGCCGGCTTCCCGGCTGTTC -3’




Av 2.4.1 Preparation of chemically competent E. coli cells
 
 A 250 ml conical flask containing 100 ml of LB broth was inoculated with 250 µl of an overnight culture and grown on at  37 º C with shaking at 250 rpm until an optical density of no more than 0.4 at 650nm (OD650) was reached.  The cells were then harvested by centrifugation at 2000 g for 7 minutes in sterile falcon tubes.  The cell pellets gained were then gently resuspended in 25ml ice cold 100 mM MgCl2.  The cell suspension was then recentrifuged, again at 2000 g for 7 minutes to harvest the washed cells.  The cell pellet was then gently resuspended in 25ml ice cold 100 mM CaCl2 and incubated on ice for 30 minutes.  Again the cells were harvested by centrifugation at  2000g for 7 minutes and following this the pellet was gently resuspended in 3mls of ice cold 100 mM CaCl2.  If the cells were stored for future use then 20% (v/v) sterile glycerol was added and the cells aliquoted in 200 µl portions and stored in chilled Eppendorfs which were flash frozen in liquid nitrogen for storage at -20 ºC.


Av 2.4.2 Transformation of E. coli competent cells

Approximately 0.5 µg of plasmid DNA or 1µl of a ligation mix was added to an Eppendorf containing 200 µl of competent cells which had been thawed on ice.  The cells were incubated for 1 hour on ice prior to a heat shock at 42 ºC for 90 seconds.  The cells were the returned to ice for 2 minutes before adding 900 µl of LB broth and allowing the cells to recover by incubation at 37 ºC for an hour.  100 µl and 200 µl aliquots of the transformed cells were plated onto LB agar with appropriate antibiotic before overnight incubation at 37 ºC.

Av 2.4.3 Transformation of  A. vinelandii
The strain to have DNA transformed into was allowed to become competent by growing the strain for 2 – 3 days on competence media (CM) agar plates (with antibiotics if appropriate) at 30 ºC.  The growth of A. vinelandii without Molybdenum and Iron becomes bright green as it is producing siderophores, when the strain was green it was competent for transformation.  A portion of the green culture was scraped from the CM agar plates using a sterile spatula and resuspended in 1 ml of CM liquid media.  The cell mixture was vortexed briefly and then ~100 ng of linearized E.coli plasmid containing the A. vinelandii sequences to be transformed was mixed with the A. vinelandii suspension and the mix was spotted on Agar plates containing A. vinelandii media with Iron and Molybdenum without antibiotics and incubated overnight at 30 ºC.  The spots were then picked up and mixed with SP (saline phosphate) buffer and plated on CM agar with antibiotics for selection.  The colonies were grown for 2-3 days before individual colonies were taken and streaked on for removal of extra chromosomal copies.  The strains were verified by PCR using primers relevant to the gene or flanking regions to verify their presence or absence accordingly.  
Av 2.4.4  Storing A. vinelandii strains
A portion of cells from a freshly grown colony was picked from a plate using a sterile toothpick and mixed with sterile 15 % glycerol prior to storage at 80 ºC .

Av 2.5 In vitro DNA procedures
Av 2.5.1 Agarose Gel Electrophoresis
Agarose gel electrophoresis was used for size determination, concentrations and purification of DNA using Q   gel extraction kit.  Depending on the fragment size under investigation, between 0.6 and 1.0 g of agarose [Melford, UK]was melted in TBE buffer in the microwave and allowed to cool before adding ethidium bromide to a final concentration of 1 µg/ml (to allow visualisation of the DNA by UV light).   The melted but cooled agarose was poured into the gel mould and allowed to set.  DNA had 5 x loading dye added prior to separation of the DNA by electrophoresis at 80V for between 45 minutes and 1 hour depending on the fragment size.  The DNA had a commercially available molecular marker [NEB, UK] run alongside for determination of the DNA size and concentration.

Av 2.5.2 Isolation of DNA fragments from agarose gels
Gel fragment were cut using a sterile razor blade after visualisation on a low energy UV light source and then purified using the QIAquick gel extraction [QIAGEN, UK].

Av 2.5.3 Cloning amplified genes into plasmid vectors




Av 2.5.4.  Sequencing

Sequencing was carried out using the Big Dye v 3.1 [Applied Biosystems] Between 100-200 ng/µl DNA was mixed with 1µl of Big Dye reaction mix together with 5 µl of 5 x sequencing reaction buffer with appropriate primers at a concentration of 15 ng/µl to a total of 10 µl with dH20.  The products were pipetted  to mix and flash spun to ensure all components were at the base of the tube.  The PCR cycles for the sequencing reaction was 96 º C for 1 minute followed by 25 rounds of: 96 ºC for 10 seconds, 50 ºC for 5 seconds, 60º C for 4 minutes finished with 4º C for 10 minutes and then 10º C until reaction was removed and processed for sequencing.


Av 2.6 In vivo studies 
Av 2.6.1 Protein overexpression and purification

5ml cultures with appropriate antibiotics were grown on Day 1 and used for a 1:100 subculture for an overnight growth phase at 37 ºC shaking at 250 rpm.  On Day 2 repeat the subculturing process and grow in 1l flask until an OD650 of 0.4 was reached.  The culture was then split between two flasks and one induced with 0.4 mM IPTG (isopropyl-β-D-thioglactopyranoside) and both cultures grown on for a further 4 hours.  The cultures were then centrifuged at 1000 g for 20 minutes at 4 ºC.  The supernatant was removed and the pellet resuspended in 100 mls of supernatant and  centrifuged for a further 20 minutes at 3000g.  The supernatant was discarded and the pellet frozen in liquid N2.  On Day 3 the pellet was resuspended in 1 x binding buffer using 20 mls and then sonicated 10 times for 10 seconds with a 1 minute rest period on ice between sonication cycles followed by centrifugation at 16300 g at 4 ºC for 40 minutes.  The supernatant from this cycle was kept and the pellet discarded.  

The protein was then purified by metal chelate chromatography. Using  2 x 1ml HiTrap chelating columns [Amersham Biosciences] which were connected in series and equilibrated with  buffer A ; 50mM potassium phosphate, 200 mM NaCl, 20mM imidazole, pH 8.0. Purification was carried out using Biocad Sprint perfusion chromatography (PE biosystems). Following immobilization of the target proteins, the columns were washed with buffer A containing 10% glycerol and the protein was eluted using a linear gradient from 0 to 500 mM imidazole over a 30 ml elution volume.

Av 2.6.2  General protein analysis

Av 2.6.2.2 SDS Polyacrylamide gel electrophoresis of protein samples

SDS-PAGE is used to separate proteins by size.  Gel plates [BIO-rad, UK] were thoroughly cleaned with 10% ethanol and allowed to dry before assembly and construction of the gels.  15% acrylamide gels were used in this work.  For the resolving gels 2.5 mls of 4 x resolving buffer were mixed with 2.5 mls dH2O and 5 mls of acrylamide (30%) solution [Severn, Biotech].  100 µl of freshly prepared 10% ammonium persulphate and 10 µl TEMED (tetramethylethylenediamine) were added to the mixture, mixed and then poured to within 5mm of the top of the gel plates.  Ethanol was poured onto form a straight layer while the gel set.  After the gel set the ethanol was poured off and the final drops removed with filter paper.  The stacking gel was then prepared by mixing 2.5mls of 4 x stacking buffer with 5 mls of dH2O and 2 mls of acrylamide solution.  100µl of ammonium persulphate and 10 µl TEMED were mixed into the prepared solution and immediately poured onto the prepared resolving gel.  The dividing gel comb was lowered into the stacking gels slowly to release air bubbles and then the gels were allowed to thoroughly set before removing the combs and running the gel.  An equal volume of SDS-PAGE loading dye was added to the samples which were boiled for 10 minutes, quickly spun down by centrifuge prior to loading into the wells and running the gel at normally 150V and 20 mA for 1 hour.  

Av 2.6.2.3  Coomassie staining 




Av 2.6.3.  Western blotting
A. vinelandii NifA2 was overexpressed in an E. coli host, BL21 (DE3) pLyS  [Novagen].  The host cells were grown in LB medium with appropriate antibiotics and samples of the growth were collected after expression from the T7 promoter was induced with 1 mM isopropyl-β-D-thioglactopyranoside (IPTG) after 15, 30, 60 , 120 and 180 minutes and one culture was allowed to grow overnight prior to processing.  Control samples without induction were also taken at the same time intervals.  The samples of protein were purified using HiTrap chelating columns (Amersham Biosciences) and equilibrated with buffer A (50 mM potassium phosphate, 200 mM NaCl, 20 mM imidazole, pH 8.0).

Samples were separated by gel electrophoresis and then Western immunoblotting was carried out using a NifA antibody raised in rabbit.  The gel was soaked in 1 x transfer buffer prior to transfer to a nitrocellulose membrane using a wet transfer system [BioRad] the transfer took 45 minutes at a voltage of 80V and 220 mA.  The membrane was then blocked with 3 % BSA for 1 hour at room temperature followed by 3 washes of 20 minutes before probing with polyclonal antisera against NifA.  Primary antibodies were detected with alkaline phosphatase-conjugated anti-rabbit secondary antibodies.  Detection was carried out by staining the membrane with 5-bromo-4-chloro-3-indolylphosphte and nitro blue tetrazolium [Sigma, UK].

Av 2.6.4 β-galactosidase assays

β-galactosidase is able to hydrolyse o-nitrophenyl-β-D-galactopyranoside (ONPG)  releasing o-nitrophenol which has a yellow colour which is detectable at 420 nm in a spectrophotometer.   Here it has been used to monitor gene expression from the nifH  promoter from K .pneumoniae .  The OD650 value of the cultures was first measured and recorded.  100µl of the culture was mixed with 900µl of Z-buffer (Na2HPO4.7H2O, (0.06M); NaH2PO4.H2O (0.04M) ;1M KCl (0.01M), 1M MgSO4 (0.001M), -mercaptoethanol (0.05M))  in a test tube.  Using a disposable Pasteur pipette, two drops of chloroform and one drop of 0.1% SDS were added to each tube which was then vortexed for 10 seconds.  The tubes were then incubated for 5 minutes at 28 ºC.  The reactions were then started by the addition of 200µl of ONPG (4mg/ml) at this point the time was recorded and the time taken for the samples to turn yellow was monitored closely.  The reaction was stopped after the yellow colour was apparent using 500µl of 1M sodium carbonate and the time recorded.  The samples were then transferred to 1.5 ml Eppendorf tubes and spun at 16300 g to remove the cell debris.  The supernatant from these tubes was then transferred to disposable cuvettes and the OD420 found and recorded using a BioMate 3 spectrophotometer [Thermo Spectronic].  The following formula was used to determine β-galactosidase activity:

  		Activity = (1000 x OD420) / (t x 0.1 x OD650)

Where t = time in minutes


Av 2.6.5 Growth curves

In order to determine the phenotype of the A. vinelandii strains produced their growth curves were determined using different media and conditions.  The process of collecting the data was carried out using A. vinelandii strains grown in 50 ml glass sidearm flasks incubated in air at 30 ºC with rotary shaking at 200 rpm and growth was monitored using a Klett-Summerson photoelectric colorimeter with a no 54 green filter.  The media was adjusted to determine the requirements of the strain for nitrogen after the method of (Pau et al., 1993).  

Growth curves were also determined on a [BioTek ,USA] plate reader.  The plates contained 12 x 8 wells and variations on concentrations of media, numbers of cells and strains could be examined simultaneously.  The cultures were grown overnight in 5 ml cultures with relevant antibiotics and then diluted to the required serial dilution before pipetting equal volumes of cultures into the plate wells.  If the strain were to be grown without nitrogen then the 5ml culture was grown overnight with nitrogen and then washed in media lacking  nitrogen prior to loading onto the plate reader.  The plate reader was set to shake at its maximum rotation and allowed to run uninterrupted to record readings of optical density at OD650 changes over time points set on the plate reader software, normally every hour.  A control set of wells was always maintained alongside the A. vinelandii strains to ensure contamination was not affecting the readings gained.


Av 2.7 Growth media and buffers used.
Table 6.   Buffers used with DNA and RNA

TE buffer	10mM Tris-HCL pH 8.0, 0,1 mM Na2EDTA pH8.0
5 x loading dye	0.25% (w/v) bromophenol blue, 0.25% (w.v) xylene cyanol ff, 50% glycerol
TBE buffer	135 mM Tris base, 45 mM boric acid, 2,5mM Na2EDTA
Sephadex G50	17.5g of sephadex G50 was added to 250 ml of TE buffer and autoclaved
SP buffer	Saline Phosphate buffer: 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl

Table 7.   Buffers used with polyacrylamide gels
Resolving buffer (4x)	1.5 M Tris-HCL (pH 8.8), 0.4% (w/v) SDS
Stacking buffer (4x)	0.5 M Tris-HCL (pH 6.8), 0.4% (w/v) SDS
Running buffer	192 mM glycine, 25 mM Tris, 0.1% (w/v) SDS
SDS-PAGE loading dye	63mM Tris, 2% (w/v) SDS 10% (v/v) glycerol, 5% β-mercaptoethanol, 0.001% (w/v) bromophenol blue
SDS-PAGE stain	41.5% methanol, 16.5% acetic acid, 0.1% (w/v) Coomassie blue
SDS-PAGE de-stain	5% (v/v) methanol, 10% acetic acid














To 180 ml water Agar the supplements were: 
8 ml Nil1 Media
8 ml Nil2 Media
5 ml NH4 AC (1M)
200µl Fe (SO4)3 (30mM)
200µl NaMo (1mM)

All supplements added after melted water agar has cooled to 40 ºC


Table 8 A. vinelandii supplements all added to distilled water to 1 litre
Nil 1 media	21mM MgCl2,  17.8 mM CaCl2, 1.3M C12H22O11





BLAST search analysis at NCBI with a threshold of 10 and word size 3 for nifA from A. vinelandii reveals many species of Proteobacteria containing homologues to nifA. NCBI gene searches for NifA homologues found 280 genes described as nifA, but what is relevant to this work is the atypical three domain structure of NifA which contains the N-terminal GAF signalling domain, the ubiquitous central AAA+ activator domain followed by the essential DNA binding Helix turn Helix domain. The unusual aspect for NifA is the GAF domain; the majority of the NifA homologues do not have this domain but instead hold a Rec or receiver domain. The GAF domain differs in its role to the Rec domain in its interaction with the second protein NifL. The Rec domains are phosphoacceptors whereas GAF domains are not but instead bind proteins or ligands (Nixon et al., 1986).  The homologues to NifA found in BLAST search analysis are found because they show considerable homology within the AAA+ domain throughout the family of EBPs as this is the largest region of the sequence.

Of interest to this research, the databases of particular species were searched for homology to species containing nifA and nifA2.  The species chosen were those reviewed as being closely related to A. vinelandii such as Klebsiella pneumoniae, a free living diazotroph where 3 species were examined for homologues, these were   K. pneumoniae subsp. pneumoniae where the closest homology to nifA was revealed in the ZraS and ZraR  which are histidine kinase (His Ka) HATPase and a AAA Rec domain respectively.   Searches against K. pneumoniae sp.  342 found NifA and NifL homology to A. vinelandii with Expect values of  6e-169 and 3e-50 respectively.  Further analysis of this species did not reveal any nifA2 homologues as the closest identity to nifA2 was found to be in a gene encoding a Rec AAA type protein, ZraR with an Expect value of 9 e-78 relative to nifA. Searches were also carried out on other closely related species as defined in the paper describing the A. vinelandii sequence  ADDIN EN.CITE (Setubal et al., 2009).  These species are Chromohalobacter salexigens and P. stutzeri A1501, both γ Proteobacteria but these do not fix nitrogen.  The findings from these species revealed a 74 % similarity for NifA to a two component response regulator CbrB in C. salexigens with an Expect value of 7e-74 and that P. stutzeri shares a NifA homologue with a 91% similarity also with a homologue to NifL in a similar gene location to that found in A. vinelandii. 

Of further interest was how closely related the NifA proteins of A. vinelandii are to similar proteins found in many species of Rhizobium which are identical to A. vinelandii in their ability to synthesize the molybdenum-containing nitrogenase (Krol et al., 1982).   The BLAST search analysis of NifA against these species revealed the presence of a transcriptional regulator with an Expect value of 7e -86 Two other species containing homologues to NifA,  were Bradyrhizobium and Rhizobium species NGR234 (Table 9). The NifA proteins from these species are apparently directly responsive to oxygen and the presence of the cysteine-containing motifs correlates with oxygen sensitivity. The in vivo activities of the NifA proteins from Bradyrhizobium japonicum (Fischer et al., 1988), Rhizobium meliloti (Beynon et al., 1988) and Rhizobium trifolii (Screen et al., 1994) are responsive to oxygen, whereas the activity of NifA  from A. vinelandii and K. pneumoniae lack the interdomain motif are oxygen-insensitive.

A homologue to NifA has been found in thermophilic bacteria, Aquifex aeolicus (Studholme and Buck, 2000). The name literally translates to “water-maker” as it suggested that the organism produces water as a result of its requirement for oxygen in respiration which is turned into water as a by-product   ADDIN EN.CITE (Deckert et al., 1998).   The species of a non diazotrophic species, A. aeolicus holds two gene sequences which are predicted to encode proteins with similar architecture to NifA. This is analogous to A. vinelandii in that the species holds two nifA-like sequences, (details in Table 9).   However BLAST search against this organism did not reveal sequences with high homology to NifL, the closest representative being a histine kinase with an Expect value of 7e-15 at aq_231 which is close to the gene encoding the nifA homologue but not in the same operon.






Table 9.  The BLAST search analysis to NifA homologues.  The threshold was set to 10 and the word size 3
Organism	Strain	Locus tag (where given)	Expect value	Score(positives)	Percentage identity (%)
Pseudomonas stutzeri	-	PST-1313	0	477/522	91












Rhizobium leguminosarum bv. viciae 	3841 on plasmid pRL10	pRL100196 (sequence on plasmid)	7e-86	163/344	64


As a further process of analysis, the gene name nifA2 was searched in the database Uniprot (http://www.uniprot.org/) and the results revealed details which differed from the NCBI BLAST in that an actinobacterial species, Frankia sp.  EuIK1 contains two homologues to NifA called NifA1 and NifA2 with Expect values of 1e-57  and 2e-56 respectively.   Frankia is a genus of nitrogen fixing filamentous bacteria that live in symbiosis with actinorhizal plants, similar to Rhizobia (Normand et al., 1996).  A further search against this species revealed no homologues to NifL but other species of Frankiaceae held sequences with PAS /PAC sensor hybrid histindine kinase domains at Expect values of 2e-13. The same result was revealed for Rhodobacter capsulatus in that a sequence denoted nifA2 was found; this sequence contains only 16 amino acids and an alignment against NifA from A. vinelandii reveals homology in the AAA+ domain but no GAFTGA motif is present in the   R. capsulatus sequence.
Av. 3.1 Comparison of the neighbouring genes in the species carrying homologues to NifA










For comparison the genes surrounding NifA2 are shown in Figure 3.2 and are found to be significantly different and more relevant is the fact that they are not close to the nif genes.










 In order to continue to investigate the similarities between the NifA and NifA2 sequences an alignment of the sequences was carried out at ClustalW are presented in Figure 3.3.

The NifA and NifA2 sequences were aligned with each other using ClustalW


NifA       MNATIPQRSAKQNPVELYDLQLQALASIARTLSREQQIDELLEQVLAVLHNDLGLLHGLV 60
NifA2      -------------------------------MRRTRQAKEAVAQVLAILHDYLGLLHGLV 29
                                          : * :* .* : ****:**: ********
NifA       T-ISDPEHGALQIGAIHTDSEAVAQACEGVRYRSGEGVIGNVLKHGNSVVLGRISADPRF 119
NifA2      SIIAAPQPRMLRVVAIHTSSRLVAKAAEEVRYRRGEGVMGHVLEHSESVMLERVSLAPRF 89
           : *: *:   *:: ****.*.  **:*.* **** ****:*:**:*.:**:* *:*  ***
NifA       LDRLALYDLEMPFIAVPIKNPEGNTIGVLAAQPDCRADEHMPARTRLLEIVANLLAQTVR 179
NifA2      LDRLALYDPESPFIAVPIKGPEDDTIGVLAAQPDGRKDVSLPERAHFLEIVANLLSQTVH 149
           ******** * ********.**.:********** * *  :* *:::********:***:
NifA       LVVNIEDGREAADERDELRREVRGKYGFENMVVGHTPTMRRVFDQIRRVAKWNSTVLVLG 239
NifA2      LMAKLTGSRCTTSERDEPRGNVRTQHGIENMMIGSTPSMRRVFEQIRQVARWDSTVLVLG 209
           *:.:: ..* ::.**** * :** ::*:***::* **:*****:***:**:*:*******
NifA       ESGTGKELIASAIHYNSPRAHRPFVRLNCAALPETLLESELFGHEKGAFTGAVKQRKGRF 299
NifA2      ESGTGKELIASAIHCNSPRARCPLVRLNCSSLPETLLESELFGHEKGAFTGAVKQRKGRF 269
           ************** *****: *:*****::*****************************
NifA       EQADGGTLFLDEIGEISPMFQAKLLRVLQEGEFERVGGNQTVRVNVRIVAATNRDLESEV 359
NifA2      EQADGGTLFLDEIGEISPTFQAKLLRVLQEGEFERVGGNQTVRVNVRIVAATNRDLESEV 329
           ****************** *****************************************
NifA       EKGKFREDLYYRLNVMAIRIPPLRERTADIPELAEFLLGKIGRQQGRPLTVTDSAIRLLM 419
NifA2      KKGNFREDLYYRLNVMPIQAPPLRERLADIPELARFLLDKLSSQQGRSLDITDCAIEVLK 389
           :**:************.*: ****** *******.***.*:.  ****.* :**.**.:* 
NifA       SHRWPGNVRELENCLERSAIMSEDGTITRDVVSLTGVDNESPPLAAPLPEVNLADETLDD 479
NifA2      KHHWPGNVRELENCLERSSIMSENGVITRNVLSLAGLDDGGSPSLAD-------DGTLDD 442
           .*:***************:****:*.***:*:**:*:*: ..*  *        * ****
NifA       RERVIAALEQAGWVQAKAARLLGMTPRQIAYRIQTLNIHMRKI 522
NifA2      RERLIAALEQAGWVKAKAARLLGMTPRQVAYRIQTLNICMQKI 485







The domain boundaries are marked on the sequences in Figure 3.3 and inspection of the alignment shows the considerable homology between the sequences particularly in the AAA+ domain which is predictable but more interesting is the high similarity to the HTH DNA binding domain which indicates that these paralogues may bind to similar DNA sequences.










        .  

In analysing the NifA sequence at Pfam (http://pfam.sanger.ac.uk/)  ADDIN EN.CITE (Finn et al.) the domains were aligned with the consensus for the GAF, AAA+ and HTH all in the Pfam A match category with the following Expect values Table 10:

Table 10  Pfam consensus data
	GAF 	AAA+	HTH














Av. 3.2 Comparison and details of the three domains in NifA

Av. 3.2.1 GAF domain
















The binding of the 2-oxoglutarate, which in response to the carbon status,  brings about a conformational change that influences the interaction of NifA with NifL (Little and Dixon, 2003).  When the conditions are right for nitrogen fixation; GlnK is covalently modified by uridylylation, binding of 2-oxoglutarate to the GAF domain brings about the dissociation of NifL from NifA and allows transcription to occur.






Av. 3.2.2 AAA+ domain































NifA            ---AADERDELRREVRGKYGFENMVVGHTPTMRRVFDQIRRVAKWNSTVLVLGESGTGKE 57
PspF            ---MAEYKDNLLGEAN--------------SFLEVLEQVSHLAPLDKPVLIIGERGTGKE 43
AvNtrC          KRANLHAQEQQGLEVPTIQANTPEIIGEAPAMQEVFRAIGRLSHSNITVLINGESGTGKE 60
E._coli         -RAISHYQEQQQPRNIQLNGPTTDIIGEAPAMQDVFRIIGRLSRSSISVLINGESGTGKE 59
                      .  :::   .                 ::  *:  : :::  .  .**: ** *****

NifA            LIASAIHYNSPRAHRPFVRLNCAALPETLLESELFGHEKGAFTGAVKQRKGRFEQADGGT 117
PspF            LIASRLHYLSSRWQGPFISLNCAALNENLLDSELFGHEAGAFTGAQKRHPGRFERADGGT 103
AvNtrC          LVAHALHRHSPRAKAPFIALNMAAIPKELMESELFGHEKGAFTGAASLRRGRFEQADGGT 120
E._coli         LVAHALHRHSPRAKAPFIALNMAAIPKDLIESELFGHEKGAFTGANTIRQGRFEQADGGT 119
                *:*  :*  *.* : **: ** **: : *::******* ****** .  : ****:*****

NifA            LFLDEIGEISPMFQAKLLRVLQEGEFERVGGNQTVRVNVRIVAATNRDLESEVEKGKFRE 177
PspF            LFLDELATAPMMVQEKLLRVIEYGELERVGGSQPLQVNVRLVCATNADLPAMVNEGTFRA 163
AvNtrC          LFLDEIGDMPADTQTRLLRVLADGEFYRVGGHTPVKVDVRIIAATHQNLENLVQAGKFRE 180
E._coli         LFLDEIGDMPLDVQTRLLRVLADGQFYRVGGYAPVKVDVRIIAATHQNLEQRVQEGKFRE 179
                *****:.   .    * :****:  *:: ****  .::*:**::.**: :*   *: *.** 

NifA            DLYYRLNVMAIRIPPLRERTADIPELAEFLLGKIGRQQGRPLT--VTDSAIRLLMSHRWP 235
PspF            DLLDRLAFDVVQLPPLRERESDIMLMAEHFAIQMCREIKLPLFPGFTERARETLLNYRWP 223
AvNtrC          DLFHRLNVIRIHIPRLSDRRADIPALTRHFLNRAAVELAVEPK-TLKPETEEYLSNLPWP 239
E._coli         DLFHRLNVIRVHLPPLRERREDIPRLARHFLQVAARELGVEAK-LLHPETEAALTHLAWP 238
                **  ** .   :::* * :*  **  ::..:      :        .    :   *    **

NifA            GNVRELENCLERSAIMSEDGTITRDVVSLTGVD------NESPPLAAPLPEVN-LADETL 288
PspF            GNIRELKNVVERSVYRHGTSDYPLDDIIIDPFK------RRPPEDAIAVSETTSLPTLPL 277
AvNtrC          GNVRQLENTCRWITVMASGREVHIDDLPPELLS----HAQENAPASNWEQALRQWTDQAL 295
E._coli         GNVRQLENTCRWLTVMAAGQEVLIQDLPGELFESTVAESTSQMQPDSWATLLAQWADRAL 298
                **:*:*:*  .   .           : :    ..                       .   .*

NifA            D--------------DRERVIAALEQAGWVQAKAARLLGMTPRQIAYRIQTLNIHMRKI- 333
PspF            DLRE------FQMQQEKELLQLSLQQGKYNQKRAAELLGLTYHQFRALLKKHQI------ 325
AvNtrC          ARGQSNLLDIVVPAFERVMIESVLKHTAGRRRDAALLLGWGRNTLTRKIKELGMNVGGSD 355
E._coli         RSGHQNLLSEAQPELERTLLTTALRHTQGHKQEAARLLGWGRNTLTRKLKELGME----- 353
                               ::  :   *.:    :  ** ***   .  :   ::   :      

NifA            -------
PspF            -------
AvNtrC          EEDGDEG 362





























































Av. 3.2.3 Helix Turn Helix domain












The NifA protein binds to an UAS which is typically 100bp upstream from the binding site for RNAP containing σ54  ADDIN EN.CITE (Beynon et al., 1983; Morett et al., 1988).  The consensus sequence for the UAS in K. pneumoniae was found by mutational analysis to be 5’-TGT-G/A-G/A-G-3’ (Morett et al., 1988).  

The HTH sequence for NifA2 is similar to a binding sequence of the FIS family (factor for inversion stimulation) in terms of the Hidden Markov Model, however the specificity  is different from the FIS which forms a dimer. The HTH in NifA forms a monomer (Ray et al., 2002). The FIS transcriptional regulator binds specifically to weakly related DNA sequences  ADDIN EN.CITE (Osuna et al., 1995).  The FIS protein has been shown to play a role in the regulation of virulence factors in Salmonella typhimurium and E. coli  ADDIN EN.CITE (Goldberg et al., 2001) and the fact that the HTH for FIS bears a significant similarity to that seen in more primitive transcriptional regulators such as NtrC, DctD and NifA has led to the prediction that the FIS species shares a common ancestry with  these regulators (Morett and Bork, 1998).























Av. 4.1 Creation of an Azotobacter vinelandii strain with a deletion in the nifA2 gene

To examine its role, the nifA2 gene in the chromosome of  A. vinelandii was replaced by insertion of an  cassette from pHP45  (Prentki and Krisch, 1984), which confers resistance to spectinomycin.  To construct the nifA2 mutation by homologous recombination, flanking regions of the 1569 bp gene were produced by PCR using PWO polymerase [Roche, Basel, Switzerland].  Each region was initially cloned into Sma cut pUC19, tested for insertion by restriction digests and analysed on 1% agarose gels.  pCW2 containing left and right flanking regions was digested with BamHI and the  cassette excised from pHP45 was ligated to create pCW4.  This plasmid was mobilized into         A. vinelandii by transformation after the method previously described (Page and Tigerstrom, 1979).   Transformed colonies were propagated overnight without antibiotics, and then colonies were selected on media containing spectinomycin and single colonies were streaked out over several days to maintain the selection.
        

























The first stage of the cloning was to insert the fragment flanking the left hand region of the gene into a blunt ended SmaI cut pUC19.  In order to do this, PWO (Roche, Switzerland) polymerase was used as this creates blunt-ended fragments.  The PCR fragment was ligated into SmaI cut pUC19 using T4 DNA ligase (NEB)  put in a water bath at 18 ºC overnight.  1µl of the ligation mixture was transformed into chemically competent DH5α cells and transformants were screened using colony PCR using the construction primers.  Potentially successful products were taken forward to plasmid miniprep [QIAGEN, UK] and analysed by restriction digest using the enzymes EcoRI and BamHI to release a fragment of 860 bp.  The successful candidate for the insertion of the LH fragment was verified by sequencing using BigDye and the sequencing primers used were pUC based M13 forward and reverse sequencing primers.  


















The spectinomycin gene (Omega cassette-  ) was digested from plasmid pHP45 using BamHI and gel purified.  The pUC construct containing the nifA2 flanking regions was similarly digested with BamHI  and treated with shrimp alkaline phosphatase prior to gel purification and ligation of the BamHI digested and purified omega cassette.  Following transformation colonies were screened by colony PCR and potentially successful candidates were taken forward to plasmid mini preparation and verified by restriction digestion using EcoRI and PstI to release fragments of 3350 bp and 2786 bp  BamHI  and to isolate   fragment of 2000bp and the remaining plasmid sequence of  4136 bp.  The plasmid was also verified by sequencing reactions again using pUC19 M13 forward and reverse primers.




Restriction digest	Expected fragment sizes	Fragment sizes obtained 
EcoRI and PstI 	3350 and 2786	           > 3200 and > 2500
BamHI	2000 and  4136	~ 2000 and ~ 4000


































The nifA2 mutant strain was repeatedly spread to single colonies on spectinomycin to maintain the selection for the  cassette. The lack of nifA2 was investigated by PCR against a chromosomal product gained by the boiling method using primers used to produce the left and right flanking regions (as indicated by the arrows in Figure 4.6). This result should have shown an increase in product size to include the  cassette to a value of ~500bp. However, this result was not straightforward despite repeated attempts, as the  cassette contains transcriptional terminator sequences which prevented PCR products from being formed. It was decided to obtain primers internal to nifA2 to check for an absence of the gene but this experiment was not carried out during my research period. We carried on with the phenotype assessment of the mutant before verifying the strain which provided results which were not proven to be linked to an absence of nifA2. The only justification for the confidence in the result came from our knowledge of the plasmid construction which definitely lacked nifA2 and our thoroughness in the transformation and strain maintenance techniques.

Av. 4.1.3 Assessment of phenotype of nifA2

The mutant strain showed no gross difference in phenotype to the wild-type and growth rates were assessed for the strain on different carbon sources; malic acid, pyruvate, succinate, sucrose, fumarate and sodium acetate at 10mM were added separately to water agar plates containing Burk’s medium with added Fe and Mo.  A single colony from the mutant strain was spread on each plate to attempt to provide the same amount of inoculum.  The level of growth was monitored for 3 days and checked against a wild-type control plate and the results of this analysis showed no significant differences in growth for the mutant strain.   

Av. 4.2.1. Growth curves 








Growth characteristics were monitored for longer time intervals using the Bio-Tek plate reader (Winooski, VT 05404 USA) Fresh cultures were aliquoted into the wells of the plate used in the Bio-Tek instrument and shaken at 300 C for 36 hours.  The OD600 values were recorded every 30 minutes.  It was recognized that the phenotype of nifA2 appeared to follow wild-type characteristics over a 12-hour period irrespective of the nitrogen source (Figure 4.7).
















Av. 4.3.1. Creation of A. vinelandii nifA deletion strain

















The primers used to clone the LH region for nifA contained EcoRI and BamHI, the RH fragment used BamHI and PstI.  The LH region was ligated into pUC18 cut with the same enzymes, the ligated plasmid was transformed into DH5α and successful colonies were screened by colony PCR and potential candidates taken forward to plasmid preparation which were analysed by restriction digest and sequencing.  (Data not shown.)  The successful candidate carrying the LH flanking region for nifA was digested with BamHI and PstI and the RH region was ligated into the plasmid and the process of screening was repeated for the plasmid containing left and right nifA flanking regions.  The lacZ- kanamycin cassette which had been released from pKOK6 was ligated into the plasmid carrying the flanking regions for  nifA. The plasmid was selected from plates containing kanamycin and analysed by restriction digest to check the presence of the cassette and its orientation.
























                                                                     


































Lane 	Strain 	Primer pair	Expected fragment size (bp)	Fragment size found (bp)
1	nifA	NifALF + LacZ rev	1500	1500
2	Wild-type	NifALF +  LacZ rev	0	0
3	nifA	NifAf  + NifA rev	0	0
4	Wild-type	NifAFwd + NifA Rev	400	~ 400
5	Wild-type	NifALF + NifARR	0	0
6	nifA	NifALF + NifARR	3500	~ 3500




The plasmid holding the nifA flanking regions was linearized with EcoRI and transformed into A. vinelandii AvOP wild type and the mutation was selected for and maintained on media containing kanamycin.  


Av. 4.3.2. Phenotypic assessment of the nifA mutant strain



















Av. 4.4.1. Creation of A. vinelandii strain GAFnifA2
















































Measurement of the -galactosidase activity from the PnifH-lacZ reporter in wild-type E.coli strain ET8000 indicated that NifA2 activated the nifH promoter (Figure 4.14).  The GAF constructs showed higher levels of activity implying that the GAF domain  may be repressing the activity of the AAA+ domain.  Within the errors of the experiment there is no significant difference in the two GAF constructs .The specificity of interaction of NifA2 with the UAS from nifH needs to be assessed.  Also a construct containing nifL would serve to assess any possible interaction between NifL and NifA2.  

Av. 4.5.1. Western blotting

Cultures grown for the -galactosidase assays were used for protein detection.  Cells were centrifuged at 4000 g for 5 minutes and the pellet resuspended in 5 x SDS loading buffer.  Equal volumes of protein were separated by electrophoresis on SDS-polyacrylamide gels and electrotransferred onto nitrocellulose membranes.  Membranes were probed with polyclonal antisera against NifA.  Primary antibodies were detected with alkaline phosphatase-conjugated anti-rabbit secondary antibodies.  Detection was carried out by staining the membrane with 5-bromo-4-chromo-3-indolylphosphate and nitroblue tetrazolium.  The proteins are expected to be 58.45 kDa for NifA and 58.19 kDa for NifA2.  The Western result picked up the NifA protein but did not find the NifA2 although the antibody should have been able to detect the protein.  The conclusion from this study was that the protein had been degraded.  (Western image not included).  


The Western analysis was extended by transforming the pT7-7 construct carrying nifA2 into BL21plyS and inducing growing cultures with IPTG at a concentration of 1 mM. (4.15).




















Many bands occur across the gel but as NifA2 is ~58.2 kDa and NifA is 58.4 kDa there appear to be bands of potentially the correct size. However there is no negative control on this gel so the bands cannot be definitely assigned to NifA or NifA2, also the transfer of proteins occurs better at the edge of the gels so what appears to be an increase in protein may instead be explained by an improved transfer of product.  The induction of the sample carrying the nifA2 appears to make no difference to the expression pattern,pattern; the band which represents NifA2 could potentially be hidden beneath the bands seen in the induced and uninduced samples.  However the result is included here for completeness.

     
Av. 4.6.1.  Protein Overexpression

pT7-7 constructs containing nifA2 and GAFnifA2 were transformed into the strain BL21 (DE3) pLysS (Novagen) for protein overexpression.  Cultures were grown in Luria-Bertani broth at 30ºC until an optical density of 0.6 units (OD600 ) was reached and then induced from the T7 promoter with 1mM Isopropyl-Beta-d-Thiogalactopyranoside  (IPTG) and 1mM lactose in different cultures for comparison.  


























The gel (Figure 4.16 ) potentially shows the overexpressed fraction of NifA at the expected size of 58.2 kDa. The band anticipated for GAFNifA2 fraction at the expected size of 34 kDa is not present in isolation from other bands of the same size which are present in all expressed proteins on this gel.  What is unexplained is the strongly overexpressed protein band of over 25 kDa in the lane carrying the over-expressed GAFNifA2, one possibility is that the GAFNifA2 protein was expressed but did not run true to size on the gel, either because of protein folding or proteolysis.  NifA2 did not appear to be overexpressed under these conditions.  The presence of the Rosetta strain appeared to aid the overexpression of the  GAFNifA2.  The gel picture shown in Figure 4.16 is indicative of the expression levels seen for the  pT7-7 nifA2 and GAF constructs.  Nif A was expressed from the same vector under exactly the same conditions.  Some success has been seen with the GAF constructs in the Rosetta strain, but these results would need to be repeated for further verification. No Western blot was carried out on these samples at this point.

Av. 4.7.1. Studies in A. vinelandii 































The results indicate that a nifA2 strain has a wild-type phenotype, as the growth characteristics are similar to the wild-type AvOp strain.   Also nifA2 does not appear to be complementing for the absence of NifA as the nifA strain was unable to grow in nitrogen limiting conditions.  Although the two genes show a paralogous relationship it is still unclear what the role of the nifA2 is, or under what conditions it is expressed. It was predicted that as NifA2 shows considerable homology to NifA then it might be able to act in the absence of NifA but the results in this thesis do not support the original hypothesis. The relevance of the paralagous gene sequences similar to nifA, anfA and vnfA was the basis for this project. Had we found a role for NifA2 then this analysis could have been carried forward to examine the role of the other paralogues.  The NifL-NifA system is so well balanced it is understandable that A. vinelandii does not need a further activator as this would not correspond with the tight control that the NifL and NifA proteins undertake to prevent the unnecessary expression of the nif genes.


The recognition helix in NifA2 is practically identical to that found in NifA, which implies that the NifA2 HTH  DNA-binding sequence could bind to the UAS for the nifH promoter in a manner similar to NifA or indeed other similar sequences. The assay carried out in E. coli showed that NifA2 was potentially capable of activating the expression of nif genes after binding to the nifH promoter from K. pneumoniae and activating the nifH- LacZ fusion in a heterologous background.  However, in a mutant NifA strain, NifA2 did not appear to be able to complement for an absence of NifA as the strain failed to grow under nitrogen-limiting conditions. Since the work on this project was completed the genome sequence for A. vinelandii has been released and examination of the sequence has shown the presence of upstream activator sequences which are similar to that for nifH promoter which could indicate a binding site for NifA2. The apparent lack of upstream activator sequences for both nifA and nifA2 would potentially indicate that these proteins are constitutively expressed. The investigation of the sequences and the ability to overexpress the proteins in a heterologous host would imply that there is no definite requirement for further activators and would help to support this prediction. The identity of the DNA-binding motifs of the paralogues would indicate that these proteins bind similar enhancer sequences.  Analysis of the new genome sequence has found further σ54 –dependent promoter sequences which are identical to the previously found promoter sequences of the nif and rnf genes which would suggest that these other promoters may provide a role for NifA2.  The identical promoter regions are upstream from the genes encoding ModE (Avin50680) a putative molybdate binding protein, ModA3 (Avin50730) a putative ion transporter and a putative McbC-like oxidoreductase at Avin48680.  It is suggested that NifA2 is potentially the activator for the expression of these proteins  ADDIN EN.CITE (Setubal et al., 2009).  It would be interesting to search for phenotypes which could become apparent in a nifA2 deletion mutant.

The fact that NifA2 shows considerable sequence homology to NifA, having all the elements required for it to be a fully functional EBP is currently unexplained in that we have not yet found a role for this protein.  In assessing the domains in BLAST search analysis it was found that the GAF domain was highly specific to the role it undertakes within the organism; the sequence for the GAF domain showed the known homology to NifA and 46% identity to AnfA. The AAA+ domain is highly conserved amongst many species and within A. vinelandii itself homology was found for  26 other sequences to an Expect value of 7e-40 including NifA, VnfA, AnfA, AnfA3, VnfA2, NorR, CbrB, XylR/DmpR family and NtrC  in order of their similarity to the NifA2 AAA+ domain. All these sequences show the conserved GAFTGA motif which still begs the question, if any of these paralogues were repressors rather than activators why would they need the prerequisites for activators?  

The specificity for the EBPs is provided by the HTH domains.  Although the HTH domain in NifA2 found many homologous sequences in BLAST search analysis amongst other organisms, the fact that only two sequences share a similar homology in A. vinelandii itself is highly relevant and implies that NifA and NifA2 could bind to similar enhancer sequences. Perhaps the expression of the nif genes is controlled by NifA but NifA2 is needed to activate a gene which NifA could potentially activate if it were not bound to NifL. This implies a time element in expression, either before or after the relief of NifL inhibition of NifA, NifA2 may have a separate role in gene activation.

In an heterologous host, NifA2 was able to activate the nifH promoter as seen in the β-galactosidase assay, but considering our knowledge of the components of this protein this is not particularly suprising. This assay uses E. coli and  the nifH promoter from K. pneumoniae. The levels of activation of NifA2 on the nifH promoter was monitored by the level of LacZ expression in the fusion. To compare NifA with NifA2, the level of expression in the absence of oxygen and nitrogen was similar, but in the presence of fixed nitrogen the expression level for NifA was higher than that found for NifA2. It must be considered that the NifA activation was in a construct lacking NifL, but this result also indicated that the NifA activation is potentially stronger than that caused by NifA2. This pattern of lowered expression of LacZ from NifA2 activation was repeated in the presence of oxygen and absence of fixed nitrogen and also when oxygen and fixed nitrogen were both available. It is predicted from sequence analysis that NifA2 does not hold a NifL counterpart and therefore does  not appear to be controlled by a NifL-type system  The results here showed  that NifA2 is not not itself inherently sensitive to oxygen or nitrogen, which is in contrast to NifA whose role is inhibited by the presence of either oxygen or nitrogen or both in the presence of NifL. The level of nifH promoter activity was seen to be higher in both the strains lacking the GAF domains which is suprising as the presence of the GAF domain did not appear to have any inhibitive activity on the full length protein. This result may imply that other ligands are binding to the GAF domain of NifA2 to limit its activity and that these ligands may have also been present in E. coli.

The inability of NifA2 to complement for a lack of NifA in A. vinelandii was a result which was assessed using the full length NifA2 protein in a deletion strain for nifA. The growth curve characteristics showed that the mutant nifA strain showed the same growth characteristics as the wild-type and the deletion strain for nifA2 in the presence of fixed nitrogen. The lack of either nifA or nifA2 showed no effect on the growth in the presence of fixed nitrogen. The strain lacking nifA2 still had nifA present and therefore not unsuprisingly was able to grow in the absence of fixed nitrogen indicating that the effect of a lack of nifA2 showed no effect on the growth. The strain expressing NifA2 in the absence of nifA was unable to grow without fixed nitrogen which suggests that NifA2 was unable to complement for a lack of NifA as it appears that the nif genes were not expressed. The inability of NifA2 not to complement for an absence of NifA in A. vinelandii may be due to inhibitory affects of ligands binding to the GAF domain of NifA2 which were not relieved under the conditions of our experiments. Although a strain lacking the GAF domain was constructed the effect of the loss of this domain was never investigated in A. vinelandii.

 It is known that activation of the nif genes needs to be very tightly regulated to limit the production of the energy-demanding nitrogenase, hence the NifL-NifA stochiometric control of expression and interactions of NifL on NifA (Dixon, 1998).  It would be interesting to find if NifL binds to NifA2 in the same manner, however as nifL and nifA are cotranscribed from the same operon the presence of nifA2 at some distance from the operon containing nifL and nifA appears to be an unnecessary duplication of roles.  There have been no known studies on the paralogues to NifA which makes comparisons to previous work impossible.  We monitored the effect of a lack of nifA2 under a variety of conditions by utilising a number of carbon sources but were unable to find any phenotype for the deletion strain.

In order to characterise the NifA2 protein, overexpression of NifA2 was carried out in E. coli and a comparison was made of the level of expression under different nitrogen availability and limitation. These overexpression studies took place in a heterologous host and we detected a potential induction band which aligned with the expected sequence size of 58.19 kDa for NifA2. However this result cannot be substantiated as no negative control was present in the experiment.  In order to improve the expression we used a Rosetta strain which supplied more rare codons which may have suited the expression of NifA2, however this inclusion did not help to increase the level of protein expression. However, what was not explained was a smaller expression band at ~25 kDa which did not correspond to any expected protein expression for NifA2 or GAF constructs. It was considered that this band may have been a protein expressed in the host which was induced by IPTG. We also tried to locate the NifA2 protein using Western blot analysis to further examine the hypothesis that NifA2 expression was constitutive and to visualise the protein. In order to carry out the Western blot we used anti NifA antibodies whose sequence should have been similar enough to NifA2 in order to probe the PVDF membrane carrying the expressed protein.  The protein detected in the Western blot did correspond to the size expected for NifA2 protein; however the expression did not appear to be at a high enough level for the antibody to detect until 16 hours of growth had occurred.  Also the level of protein was not altered in the induced sample.  These factors are interesting but it needs to be considered that this is a response seen in a heterologous system. 

If these results were to be repeated it would be interesting to carry out the overexpression studies in A. vinelandii in order to examine the existence of an expression profile under various conditions. If the expression level was too low to detect the NifA2 protein then the level of expression could have been increased by placing the nifA2 coding sequence under the control of an inducible promoter in the host. Such a construct already existed in the form of the promoter region from the sucrose catabolic regulon, PscrX  which had been mutated in order to drive the expression of  genes placed under its control  (Johnson et al., 2006). This experiment was not completed during our studies and would be a priority if further work was to be carried out on NifA2. If higher levels of expression were to be achieved then purification of the protein may have become possible and biochemical studies could have been considered.

On completion of the study on NifA2 we found that the protein was able to act as an EBP in expressing the nifH promoter from K. pneumoniae in a heterologous host.  This result was definite and exciting. This assay showed some variations in its accuracy and should be repeated on several occasions to improve the results. A further useful result was a practical application; the use of the plate reader in assessing growth curves was invaluable. The small volumes of culture in each well could have proved problematic but did not and the fact that  many wells could be used simultaneously meant that the accuracy of the results was much improved as an average of the readings was taken. It was also possible to vary the media used and the different strains simultaneously meaning that all conditions were kept consistent and accurate comparisons could be made.





Av. 5.1 Future work

The recognition helix in NifA2 is nearly identical to NifA and it would be interesting to examine where NifA2 binds.  This question could be investigated using gel-shift assays to predict binding sites or by mutating the upstream sequence to assess changes in activity of the PnifH-LacZ fusion construct.  Could the recognition helix bind to other transcriptional elements? If binding of NifA2 to an UAS occurs, is it to activate transcription or could it possibly act as a repressor? With the indication that NifA2 may bind to the UAS for the genes for the promoter regions of the genes encoding ModE, a putative molybdate binding protein and ModA3, a putative ion transporter also a putative McbC-like oxidoreductase then these predicted binding sites should be used in gel-shift assays to detect the binding of NifA2. In order to carry out this analysis the NifA2 expression level must be raised by optimising expression using the inducible ScrX promoter construct (Johnson et al., 2006). Some time was spent in assessing the phenotype of the nifA2 strain by varying the carbon source; the process of phenotype searching would become more productive if the levels of expression were elevated.  Acetylene reduction is a suitable method for detecting nitrogenase activity and could be useful in assessing NifA2 activation under varying conditions. Once overexpression is optimised the biochemical analysis of the protein could include 
the assessment of whether NifA2 can activate formation of an open promoter complex by 54 _RNAP holoenzyme.  

A series of further cloning strategies could be taken forward for insertions of nifA2 and GAFnifA2 into strains containing translational fusions in nifA and nifH to verify the role of NifA2 in activating nifLA and/or nifH transcription in a nifA background.   If the expression levels of these GAFnifA2 mutants was found to be too low to detect activation then the same constructs could be cloned under the control of the PScrX strong inducible promoter.  If activation is seen on either nifA or nifH then the process of assessing the phenotype of the nifA2 strain could be continued in searching for the growth conditions under which NifA2 has a role.  A GAF domain truncated form of NifA2 expressed in the native chromosomal location could be analysed to assess the ability of the GAF construct of nifA2 to activate the nif genes.  The strain without the GAF domain would have a gentamicin cassette for selection purposes and could be transformed into the PnifH::lacZ::nifHnifA mutant strain of A. vinelandii. An alternative and visual strategy for detecting the presence of NifA and NifA2 could utilise reporter fusions such as Green Fluorescent Protein.  

If the loss of the GAF domain leads to activation of either nifA or nifH then the search for ligands, which could bind to this domain could be carried out.  A GAF construct could be overexpressed and a range of potential candidates; such as intermediates in the citric acid cycle could be chosen for isothermal titration calorimetric assays.  A sound knowledge of possible ligands would be needed to start this process and it would be logical to start with 2-oxoglutarate as this binds to the GAF domain of NifA.  

The role of QRT-PCR is an invaluable tool in measuring levels of transcript and would help in assessing the level of nifA2 expression under different conditions and could also give insight into the suggested constitutive expression of NifA under nitrogen-limiting and nitrogen-rich growth conditions.  The process of identifying if NifA2 plays any role in this function could lead to more work in this interesting field. Is there a possibility that nifLA has two promoters; if one was constitutively expressed then if there were a second promoter this could potentially be activated by a σ54 –dependent system, it would be interesting to detect if NifA2 binds to any regions upstream from nifLA. The binding sites of a gene activated by NifA2 could be analysed using DNA foot-printing techniques.


If NifA2 was found to bind to a NifA binding site it could serve to prevent the NifA protein from activating its target of expression. The blocking of binding sites could potentially provide another level of control of expression.   If NifA2 is found to be a functional EBP, under what conditions is it activated? Does the protein form a higher oligomeric state, this could be analysed using analytical ultracentrifugation.  The GAF domain may repress the AAA+ domain as seen in other EBPs such as the E. coli nitric oxide sensor NorR (Tucker et al., 2006).  Relief of GAF domain repression could be assessed in a GAFnifA2 background in vivo by creating a chromosomal insertion in the strain containing the translational fusion in nifH.  If it is established that the GAF domain of NifA2 is inhibiting its activity then the search for potential ligands to activate this repression may be carried out.  Possible ligand binding could be assessed using isothermal titration calorimetry.  It would be relevant to assess whether 2-oxoglutarate binds to NifA2.   Any environmental conditions under which GAFNifA2 complements for NifA could be investigated by -galactosidase activity on the PnifH-lacZ translational fusion in a NifA background.

The levels of nifA2 expression need to be established in relation to nifA under varying nitrogen availability by RT-PCR.  QRT-PCR would be invaluable to establish the relative levels of RNA transcript under varying nitrogen concentrations and would also help to assess whether or not the expression was constitutive.  If the levels of expression are too low to detect activity, then the gene sequence for nifA2 could be put under the control of the inducible promoter system.  If this strain is in a nifA background then the activation of the nifH-LacZ translational fusion can be monitored in a variety of environmental conditions to enable the potential role of this protein to be elucidated.
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Figure 1.3.  Shows as schematic model for the domain organisation of NifA2 from A.vinelandii. The positions of the Walker A, Walker B, GAFTGA motif, and the helix-turn-helix motif (HTH) are shown


Figure 3.19 Promoter sequence alignment.  Promoter sequences of sigNP1 and nepA are shown from S. coelicolor (S.  co), S.  avermitilis
(S.  av) and S. scabies (S.  sc).  Only the S. coelicolor promoter sequences are based on experimental analysis; sequences from S. avermitilis and S. scabies were taken from upstream regions of the appropriate sigN and nepA homologues (http://avermitilis.ls.kitasatou.ac.jp/http://www.sanger.ac.uk/Projects/S_scabies/).  




Figure 3.5  TMPRED  Hydrophobicity plot for the NepA sequence showing possible  transmembrane helices.  The x axis shows the NepA sequence and y data matrix score.  Predictions carried out at (http://www.ch.embnet.org/software/TMPRED)for both inside-to-outside helices (i-> o) and outside to inside helices are marked (o -> i).  Scores above 500 are deemed significant.  Transmembrane regions denoted with red dotted line


Figure 3.4 Signal peptide representation showing the typical features of the positively-charged N terminal region followed by the central hydrophobic region followed by the neutral C terminus.  The green, blue and turquoise colours relate to the SignalP output colours for the described regions, the purple, red and yellow colours relate to colours used in Figure 3.9.


Figure 3.2 Graphical output for prediction of signal peptides within S.  coelicolor NepA as processed by SIGNALP  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Bendtsen et al., 2004) .    The S-score indicates  the likelihood of the sequence belonging to a signal peptide family.  The C and Y scores indicate the position of the cleavage site






























Figure 3.1 The location of the subapical stem within the Streptomyces colony.  Image taken from  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Dalton et al., 2007)
































Figure 3.6  Combined analysis of S.  coelicolor NepA signal peptide region  The NepA signal sequence was analysed for several parameters of interest:
a) Hydrophobicity scale after (Kyte and Doolittle, 1982)
b) Polarity (Creighton, 1993 )
c) Charge  (Freifelder, 1982)
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Figure 3.9  Schematic representation of signal peptide regions from Sec-dependent and TAT- dependent peptides.   The Sec dependent signal region is shorter overall and the TAT dependent signal contains the RR motif in the polar region.  The purple represents the polar region, red hydrophobic and yellow the carboxy terminal containing the AXA sequence for the signal peptidase cleavage.

Figure 3.14  Alignment of SpoVS homologues for B.  subtilis (BACSU) and C.  acetobutylicum (CLOAB) and Thermus thermophilus (THET8) taken from NCBI and aligned at ClustalW.







Figure 3.17 PSI-pred analysis of complete SpoVS B.  subtilis sequence in A and NepA in B.   The two helices in Figure A relate to the helices in Figure 3.16 for SpoVS.  One of the two beta strands in 3.17A is shown in grey in Figure 3.16.  PSI_PRED (Jones, 1999).  The legend for the structures is shown in the box above this legend.
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Table 3.3  Homologous genes in Streptomyces genomes neighbouring nepA.  The predicted functions of the genes were obtained from the Strepdb annotation server.  The arrows represent the orientation of the genes.  The colours are for clarity only.  E values are recorded below locus tags.







Figure 4.1 Monitoring nepA –specific green fluorescence.   S.  coelicolor M145 carrying pK10, a derivative of pIJ8660 with a nepA–egfp transcriptional fusion, was grown on minimal medium containing mannitol in the presence of apramycin to keep the selection for pK10.The colony was grown for 48 hours alongside a coverslip which was removed and viewed without fixation.  (A.) shows aerial hyphae attached to the vegetative hyphae showing the bright signal in the stem compartment with very little signal in the developing spore chains.  (B.) shows a more mature spore chain and some separate spores.  The brightest signal is still in the stem.  
























Figure 4.4.  Plasmid map of pIJ8660 containing the egfp gene showing restriction sites; tfd, the major transcription terminator of phage fd; to, transcription terminator from phage ;; aac(3)IV, apramycin-resistance gene selectable in E.  coli and streptomycetes; ori pUC18, origin of replication from pUC18; oriT RK2, origin of transfer from plasmid RK2; int C31 and attP, the integrase gene and attachment site of the temperate phage C31, respectively.  (B) Nucleotide sequences present in the MCSs of, pIJ8660.  Unique sites are shown in bold The plasmid map is taken from (Sun et al., 1999).  The BsrgI site used in the EGFP cloning is marked.
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Figure 4.5 Schematic representation of the egfp gene in pIJ8660 with the relevant restriction sites for cloning of the mCherry gene.
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Figure 4.8 Diagram for the construction of the glycine linker using primers egfp linker 1 and 2.  The NdeI site is marked in red and the BamHI site is marked in blue.
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Figure 4.10 Agarose gel (reverse image) showing the PCR analysis of a potential pIJ8660-mCherry-linker construct.  The glycine linker was annealed and ligated into pIJ8660-mCherry and after transformation colonies were screened using PCR.   The bands produced are the results of using primer pairs Tfd and egfp linker 2 and T0 and egfp linker 1. 
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Figure 4.14 Plasmid map of pIJ8660 carrying the nepA-egfp translational fusion.  The coloured arrows are represented as follows:oriT RK2  the orirgin of transfer from plasmid RK2 (brown); int C31 and attP, the integrase gene and attachment site of the temperate phage C31, respectively(turquoise); major transcriptional terminators Tfd and To from phage fd and phage  respectively(red), the egfp gene (green),  origin of replication from pUC18(grey),  aac(3)IV the apramycin-resistance gene selectable in E.  coli and streptomycetes (pink).  The primer sites used in the verification of the clone are marked with blue arrows. The site of the 4002-Bam site is marked with a black arrow.
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Figure 4.18.  Microscope image showing WGA-Alexa488 stained aerial hyphae and subapical stem of S.  coelicolor carrying pIJ8660-NepA-mCherry grown along a microscope coverslip for 48 hours in SFM medium.  Image was taken using a Leica confocal microscope at a magnification of 63X.  Image A1 shows a light microscopy image, A2 green channel for WGA-Alexa488.  A3 red channel for mCherry and A4 red and green channels overlayerd. The white scale bar represents 2.5µm. Image taken by Dr Kelemen



















































Figure 4.23 A.  Schematic diagram for the pCJW93-NepASP.  nepA insert produced by PCR containing NdeI  and EcoRI sites for insertion into pCJW93 His-tag construct under the control of the thiostrepton-inducible promoter PtipA (Takano et al., 1995).
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15%  Coommassie stained polyacrylamide gel


Figure 4.25  SDS-PAGE analysis of nepA overexpression from S.  coelicolor carrying  pCJW93-NepASP. The His-tagged protein was purified using Ni-NTA column [QIAGEN, Crawley, UK] The lanes show an uninduced fraction from adjacent to the marker lane followed by the cell lysis sample and fraction 1 followed by 2 wash fractions collected from the column.  The samples were then eluted in two stages shown in the two columns.  The induced samples were collected from SFM plates containing thiostrepton at 50µg/ml.  All strains grown at 30 oC on SFM.   Molecular weights are shown for reference and refer to a marker included on the gel.
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 Figure 4.26  Application of dialysed proteins potentially with NepA to M145 lawn grown on SFM for 48 hours. Paper circles were then added after 14 hours of growth and Ni-NTA purified proteins was mixed with buffer and added drop wise to the disc. The buffer was included to verify any effect caused by the paper circles and liquid in buffer which was used for the protein suspension.  The two plates are replicas.

Figure 4.27 The integrative PtipA  expression vector, pIJ6902.  Ter  fd, major transcription terminator of phage fd; T0, transcription terminator from phage ; PtipA, the tipA promoter; tsr, thiostrepton-resistance gene; aac(3)IV, apramycin-resistance gene selectable in E.  coli and Streptomyces; ori pUC18, the origin of replication from pUC18; oriT RK2, origin of transfer from plasmid RK2; int C31 and attP, the integrase gene and attachment site of the temperate phage C31 respectively (Huang et al., 2005).  The unique restriction sites are shown in bold.
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0.7 % agarose gel 
stained with EtBr

Figure 1. 1  Schematic representation of the position of the EBP in relation to the RNAP holoenzyme.  The EBP binds to the upstream activator sequence (UAS) and the DNA bending is brought about by the integration host factor (IHF).  The RNAP holoenzyme binds at the -24,-12 region.The production of the open promoter complex requires nucleotide hydrolysis
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Figure 4.30 SDS-PAGE gel analysis of overexpressed NepA from S.  coelicolor carrying  pCJW93-NepASP and  pIJ6902-NepA   and pIJ6902 were grown on SFM at 30 ºC overnight followed by 5 hour induction on SFM with thiostrepton at 20 µg/ml.  The induction is denoted by Thio and  indicates uninduced samples.
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Figure 4.31 Coomassie stained 16% Tris-tricine gel resolving supernatant and wash fractions from overexpressed proteins from S.  coelicolor carrying  pCJW93-NepASP and  pIJ6902-NepA  and pIJ6902. Samples grown on SFM at 30 ºC overnight followed by 5 hour induction on SFM with thiostrepton at 20 µg/ml.  The induction is denoted by Thio and  indicates uninduced samples.
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Figure 1.5 Diagram showing. regulation of aerial hyphae differentiation into spore chains in S. coelicolor. Taken from (Chater and Chandra, 2006). The diagram takes information from  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Ainsa et al., 1999; Elliot et al., 1998; Jakimowicz et al., 2006; Kelemen et al., 1998; Kelemen et al., 1996; Noens et al., 2005; Piette et al., 2005; Ryding et al., 1998).  Abbreviations to various important components; FtsZ is involved in cell-division, ParAB, chromosome segregation and SALPS (for SsgA-like proteins).  
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Figure 1.3  Illustration of the extracellular signalling pathways that are dependent on the bld genes leading to the production of surface proteins which are involved in the production of aerial hyphae taken from (Chater and Chandra, 2006). The matrix of interactions is depicted here in terms of the known hierarchy of the extracellular signals produced by the bld cascade, for example the first bld  gene, bldJ can be stimulated by all other genes in the cascade but cannot itself stimulate any of the genes further on in the cascade and so on. The roles of the bld genes whose functions are known is shown on the diagram.
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Figure 4.37 Schematic representation of the His-tag with primer pairs used for PCR verification of the correct insertion of the His-tag.
Figure 4.38.  Agarose gel (reverse image) showing PCR products achieved in verification of pIJ6902-His using primer pairs: Reverse His linker with T0 and Reverse His linker with Tfd, His linker forward with Tfd.  Negative control provided using Reverse His linker with Forward His linker.  Positive control Primers T0 and Tfd.
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Figure 4.41 Schematic representation of the nepA derivatives for cloning into the pIJ6902-His integrative plasmid.  The primers used to produce the inserts are shown.  Red for signal peptide, black for core nepA and blue for His-tag. The restriction endonuclease sites used for cloning are marked with purple arrow.  The promoter PtipA and PnepA are marked in blue and green respectively together with the T0 and Tfd sites present in the pIJ6902 plasmid itself.
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Figure 4.42 Western blot analysis of NepA expression.   Only the supernatant fractions were analysed.  Strain A is S. coelicolor carrying pIJ6902-NepASP-His;  Strain B is pIJ6902-NepA-His; Strain C is pIJ6902- NepA-His*.   The – and + represents with and without thiostrepton induction.  All strains were grown at 30  oC on SFM .  The negative control is a further S.  coelicolor strain carrying pIJ6902.
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Figure 4.43 Western blot analysis of NepA expression from S.  coelicolor Supernatant and pellet fractions run from extracts from strains carrying pCJW93-His-NepASP  (marked A)  and pIJ6902-NepA-HisSP  (marked  B).  The – and + signs denote thiostrepton induction at 50µg/ml.   All strains were grown at   30  oC on SFM .
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Figure 4.44.  Western blot analysis of NepA expression from S. coelicolor. S. coelicolor carrying pIJ6902-NepA-His* grown on SFM for the hours shown.   At 20 hours the mycelium were not yet showing evidence of aerial hyphae.  At 28 hours the beginnings of aerial hyphae were showing.   At 40 hours the aerial hyphae were well grown but no spore chains were produced, whilst at 60 hours the spore chains were well developed.   The posative control was a S.  coelicolor strain carrying a with a Scy His-tag overexpressed in E.  coli (not shown on the fraction of gel presented here).          







Figure 4.46.  Graphical presentation of the data from the germination studies  and represented in a graphical format. A.The total spores counted are plotted; the X axis is labelled with the time and strains of spores spread; first column represents the total number of spores counted including those germinating.  The second column shows the number of germinating spores at that time point. B. The percentage germination is represented for the two strains at 6 and 7 hrs.







































































































































































































































































































































































































































































































































































































































































































              






















































Figure 4.10 (A.)  Schematic diagram showing primers and sizes of products predicted for verification of the nifA mutant strain.  The colours are as follows: red is nifA LH flank, yellow is LacZ gene, white is Tfd, green is the kanamycin resistant gene and blue is nifA RH flank.  4.10 (B) shows the PCR analysis of the strain.  Lane 1 shows the product of primers NifALF/LacZR, Lane 2 was the same primers used on the wild-type strain, Lane 3 and 4 reveals the result of using  forward and reverse primers in nifA showing the absence of the gene in the mutant strain 3 and presence in the wild type in 4.Lane 5 further verifies the loss of nifA as the primer pair was NifALF and a reverse primer in nifA. Lane 6 shows the product of primers NifALF and NifARR which produces a fragment of 3500 bp across the whole insert
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1% agarose  gel stained with EtBr







































Figure 4.3.   pUC19 plasmid containing nifA2 flanking regions joined by the restriction site BamHI














































Figure 3.14. Schematic model of the terminal helices of NifA based on the orientation of the corresponding helices in NtrC  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Pelton et al., 1999). The helices are shown as blue cylinders with grey ribbons representing the turns. The side chains which gave the largest change in their 1H and 15N chemical shift in terms of their on addition of the DNA are shown in colour where red represents the largest shift, followed by yellow, then green, then blue (Ray et al., 2002).

Figure 3.13.  PSIpred image of the HTH region in the NifA2 sequence.  The same result is found for the NifA sequence. (McGuffin et al., 2000).










Figure 3.7.  Crystal structure of  phage shock protein PspF(1-275) (Rappas et al., 2005).  The P65 hexamer of PspF(1-275) is shown as viewed down the sixfold axis.  Both α/β (green) and α-helical domains (pink) of one monomer are contoured with dashed lines.  The nucleotide-binding pocket is highlighted in yellow and is located in the cleft between the α/β and α-helical domain at the interface with the adjacent monomer.  N- and C termini of two adjacent monomers are also shown.  Color coding is as follows: blue, helices; red, central β sheet; orange, L1; and green, L2.  The tip of the highlighted L1 is shown as a dotted line because residues 82 to 89 were not resolved in their crystal structure.


Figure 3.6. X-ray, crystal structure of PspF(1-275) R168A mutant (Rappas et al., 2005) a component of an AAA+ domain which normally forms a hexameric structure Figure 3.7.


Figure 3.5.  Schematic model showing GAF domain repression of the AAA+ domain 




Figure 3.4.   Percentage similarity for the three domains of NifA2 compared to NifA























LysR  transcriptional regulator

Figure 3.1 Representation of the nif genes in A. vinelandii surrounding nifA together with the position of the gene on the chromosome taken from NCBI Genome (www.ncbi.nlm.nih.gov/sites/)
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Figure 5.9 Monitoring green fluorescence in a PSCO1240-egfp transcriptional fusion.  M145 carrying p1240 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains in an aerial hyphae attached to the vegetative mycelium at a late stage of maturity. Bar represents 5µm. Image taken by Dr Kelemen. 
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Figure 5.16 Sequence alignment for TonB protein from A.  ehrlichei against SCO3169 carried out at ClustalW (http://www.ebi.ac.uk).





Figure 5.18 Schematic representation of SC04001 prim- pol (in pink) and C-terminal primase domain (blue).
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Figure 5.19 SCO4881 sequence assessed using SMART (Schultz et al., 1998) showing ten transmembrane regions found using programme TMHMM  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Krogh et al., 2001).  The pink areas are areas of regions of low compositional complexity defined by the SMART programme.













































Figure 5.33 Monitoring green fluorescence of a sigF mutant strain carrying P-egfp transcriptional fusions for 6 promoter constructs (in all cases the light microscopy image is shown on the left and fluorescence image on the right): A is sigF-p0649, B is sigF-p2835, C is sigF-p3040, D issigF-p4811, E is sigF-p5320 and F is sigF-p7336. The fusions were grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left.  Bar represents 10 µm.  Images taken by Dr Kelemen.

Figure 1.1B Substrate mycelium consolidates growth

Figure 1.1 The life cycle of Streptomyces coelicolor.



































Figure 1.8 A. Cartoon representation of RNA polymerase interacting with DNA showing the bending of DNA and site of Mg(II) activity  Image taken from  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Zhang et al., 1999)
B. Ribbon model of RNA polymerase shows the cleft and interaction of the DNA.  Image taken from  ADDIN EN.CITE  ADDIN EN.CITE.DATA (Westover et al., 2004)

Figure1.7 Gram-positive cell wall structure showing the phospholipid cytoplasmic membrane and the outer peptidoglycan layer. A Shows the position of the NAM and NAG units and B shows the three dimensional orientation of the structure






































































Figure 3.12.  Evolutionary relationships of NepA homologues
The evolutionary history was inferred using the Neighbor-Joining method (Saitou & Nei, 1987).  The optimal tree with the sum of branch length = 1.97 is shown.  The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.  The evolutionary distances were computed using the Poisson correction method (Zuckerlandl, 1965) and are in the units of the number of amino acid substitutions per site.  All positions containing gaps and missing data were eliminated from the dataset (Complete deletion option).  There were a total of 76 positions in the final dataset.  Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007).  The scale bar relates to the amino acid changes






























































Figure 5.2 Monitoring green fluorescence in a p0601-egfp transcriptional fusion.  M145 carrying p0601 was grown on SFM for 48 hours.  Samples of spore chains are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains broken away from the vegetative mycelium. The scale bar represents 10µm. Image taken by Dr Kelemen.







Figure 5.7 Monitoring green fluorescence of a PSCO1050-egfp transcriptional fusion.  M145 carrying p1050 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains attached to the vegetative mycelium at a late stage of maturity. Bar represents 10 µm. Image taken by Dr Kelemen.

Figure 5.8 Monitoring green fluorescence in a PSCO1143-egfp transcriptional fusion.  M145 carrying p1143 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows aerial hyphae prior to sporulation septation. Bar represents 5µm. Image taken by Dr Kelemen.

Figure 5.10 Monitoring green fluorescence in a PSCO1347-egfp transcriptional fusion.  M145 carrying p1347 was grown on SFM for 48 hours.  Samples of broken spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains in an aerial hyphae broken away from the vegetative mycelium at a late stage of maturity. Bar represents 10 µm.Image taken by Dr Kelemen.


Figure 5.12 Monitoring green fluorescence in a PSCO2030-egfp transcriptional fusion.  M145 carrying p2030 was grown on SFM for 48 hours.  Samples of vegetative mycelium are seen in the images where the transcription of the gene SCO2030 appears to be taking place.  The aerial hyphae visible in the light microscopy image does not have EGFP activity visible in the fluorescent study on the right picture. Bar represents 10µm. Image taken by Dr Kelemen.

Figure 5.13 Monitoring green fluorescence in a PSCO2835-egfp transcriptional fusion.  M145 carrying p2835 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains in an aerial hyphae broken attached the vegetative mycelium at a late stage of maturity. Bar represents 5µm. Image taken by Dr Kelemen.

Figure 5.14 Monitoring green fluorescence of a PSCO3040-egfp transcriptional fusion. M145 carrying p3040 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains and the vegetative mycelium at a late stage of development. No stem or vegetative specific fluorescent signal present. Bar represents 10 µm. Image taken by Dr Kelemen

Figure 5.15 Monitoring green fluorescence in a PSCO3169-egfp transcriptional fusion. M145 carrying p3169 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left.  The image shows mature spore chains in an aerial hyphae broken attached the vegetative mycelium at a late stage of maturity, no stem or vegetative signal present.  No EGFP fluorescence is visible activity present suggesting the gene is not active under these conditions. Bar represents 5µm. Image taken by Dr Kelemen.
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Figure 5.21 Monitoring green fluorescence of a PSCO4821-egfp transcriptional fusion.  M145 carrying p4821 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains attached to the vegetative mycelium at  late stages of maturity. Bar represents 5 µm.  Image taken by Dr Kelemen. 

Figure 5.22 Monitoring green fluorescence of a PSCO5117-egfp transcriptional fusion.  M145 carrying p5117 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left. Bar represents 5 µm. Image taken by Dr Kelemen.

Figure 5.24 Monitoring green fluorescence of a PSCO5320-egfp transcriptional fusion.  M145 carrying p5320 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left. Bar represents 5 µm.  Image taken by Dr Kelemen. 

Figure 5.25 Monitoring green fluorescence of a PSCO5460-egfp transcriptional fusion.  M145 carrying p5460 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescent image on the right and light microscopy on the left.  The image shows mature spore chains in an aerial hyphae at a late stage of maturity. Bar represents 10 µm.  No stem signal is present. Image taken by Dr Kelemen.





Figure 5.30 Monitoring green fluorescence of a PSCO7337-egfp transcriptional fusion.  M145 caarrying p7337 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left. Bar represents 2.5 µm.   Image taken by Dr Kelemen. 

Figure 5.31 Monitoring green fluorescence of a PSCO7449-egfp transcriptional fusion.  M145 carrying p7449 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left. Bar represents 5 µm.   Image taken by Dr Kelemen. 

Figure 5.32 Monitoring green fluorescence of a PSCO7453-egfp transcriptional fusions carrying p7453 was grown on SFM for 48 hours.  Samples of spore chains developed from aerial hyphae are shown with fluorescence image on the right and light microscopy on the left.  Bar represents 5 µm.  Image taken by Dr Kelemen.
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Figure A.1 A schematic representation of the egfp transcriptional fusion contructs.The promoter region is in blue with relevant restriction sites, egfp in green, part of the pIJ8660 sequence is shown in red with the EcoRI site used for restriction digest analysis of the promoter constructs. The Egfp seq oligo was used to confirm the constructs by sequencing.
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Figure A.5.  PCR amplification of  p0649 and restriction digest analysis of its cloned product.  A.  p0649 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p0649.   The construct was analysed by restriction digest (B ).  A lambda ladder DNA base marker is shown for reference.   
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Figure A.12.  PCR amplification of  p1668 and restriction digest analysis of its cloned product.  A.  P1668 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p1668.   The construct was analysed by restriction digest (B).  A lambda ladder DNA base marker is shown for reference.   
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Figure A.23.  PCR amplification of p6029 and restriction digest analysis of its cloned product.  A.  P6029 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p6029.   The construct was analysed by restriction digest (B).  A lambda ladder DNA base marker is shown for reference.   
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Figure A.25.  PCR amplification of p7337 and restriction digest analysis of its cloned product.  A.  P7337 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p7337.   The construct was analysed by restriction digest (B).  A lambda ladder DNA base marker is shown for reference.   
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Figure A.28.  PCR amplification of p7675 and restriction digest analysis of its cloned product.  A.  P7675 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p7675.   The construct was analysed by restriction digest (B).  A lambda ladder DNA base marker is shown for reference.   
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Figure A.29.  PCR amplification of p7700 and restriction digest analysis of its cloned product.  A.  p7700 was amplified using Taq polymerase (Promega) (left) and cloned into pIJ8660 to create p7700.   The construct was analysed by restriction digest (B).  A lambda ladder DNA base marker is shown for reference.   
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